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ABSTRACT 
 
 
This dissertation encompasses the synthesis, characterization, and properties of 
semifluorinated polymers derived from thermal polymerization of aryl trifluorovinyl 
ether (TFVE) monomers.  This work is divided into two parts based on the methodology 
of thermal polymerization using aryl TFVE monomers.   
The first part of this work involves the thermal [2 + 2] cyclodimerization of aryl 
TFVE monomers affording perfluorocyclobutyl (PFCB) aryl ether polymers. Chapter 1 
provides an overview of PFCB aryl ether polymers as a next-generation class of high 
performance fluoropolymers that have been successfully employed for a myriad of 
technologies.  PFCB aryl ether polymers are highly desired because of their high thermal 
stability, processability, and tailorability for specific material applications.  Chapter 2 
introduces a general perspective of polyhedral oligomeric silsesquioxanes (POSS) that 
were modified with PFCB aryl ether polymer for property enhancement, specifically for 
low surface energy materials.  Chapter 3 and 4 show the synthesis, characterization, and 
properties of POSS modified PFCB aryl ether polymers as blends and a variety of 
copolymer architectures, respectively. 
The second portion of this dissertation focuses on the development of a new, 
facile step-growth polymerization of diols/bisphenols and aryl TFVEs to afford 
fluoroethylene/vinylene alkyl/aryl ether (FAE) polymers.  Chapter 5 is a prelude to the 
development of FAE polymers which entails optimizing the methodology and 
mechanistic rationale of nucleophile addition to aryl TFVEs.  Chapter 6 details the FAE 
polymerization kinetics, physical properties, and strategy for functionalization.  Chapter 7 
 iii
illustrates the modular modification of FAE polymers for the development of tunable 
light emissive materials for potential use as transport layer material for organic light 
emitting diodes (OLEDs) and also chemical sensors.  Chapter 8 introduces 
postfunctionaliztion of FAE polymers resulting with sulfonated biaryl segments for the 
development of proton exchange membranes (PEMs) for fuel cells. 
Chapter 9 involves the development of bis-ortho-diynylarene (BODA) monomers 
for the development of high yielding and moldable glassy-carbon microstructures.  The 
adhesion, wettability, density, and coefficient of thermal expansion of BODA-derived 
glassy carbon are discussed.  Referred publications and archived conference proceedings 
pertaining to this dissertation work include: 
1. “Three-Step “One-Pot” Synthesis of Aryl Bistrifluorovinyl Ether Derivatives” Zhu, K.; 
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publication. 
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CHAPTER 1 
PERFLUOROCYCLOBUTYL ARYL ETHER POLYMERS  
AS PROCESSABLE MATRIX MATERIALS 
 
Introduction 
Fluoropolymers 
Since the serendipitous discovery of poly(tetrafluoroethylene) (PTFE) by researchers at 
DuPont in 1938, polymers possessing fluorine have pioneered the global development of 
many high performance materials for automotive, aerospace, biomedical, and military 
technology corridors.1  Fluoropolymers are highly desired because of their unique 
combination of thermal stability, chemical resistance, low surface energy, low refractive 
index, and high insulating ability.  The inert nature of fluorinated polymers compared 
with polymers saturated with hydrogen is due the strong C−F bond which has a bond 
dissociation energy of 552 kJ/mol.2  The fluorine atom has a van der Waals radius of 1.35 
Å and suitably mimics hydrogen with a radius of 1.1 Å.  However, in comparison to C−F 
bonds, the bond dissociation energies of C−H, C−Cl, C−Br, C−I are 338, 397, 288, and 
209 kJ/mol, respectively.  Due to these thermodynamic parameters of fluorine-containing 
polymers, their in-service reliability at extreme use temperatures supercedes their 
hydrogen-containing analogues.    
The area of fluoropolymers has evolved into several commercial areas including 
fluoroplastics, fluoroelastomers, fluorosilicones, amorphous fluoropolymers, and 
perfluoropolyethers (Figure 1.1).  Each class possesses their own unique 
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structure−property relationships that enable their suitability for specific applications.  
However, due to their high degree of crystallinity, many fluoropolymers are often 
difficult to solution- or melt-process and thus industrial manufacturing costs can be high.  
Indeed, successful examples by modification of polymer structure of low crystalline, 
processable fluoropolymers include poly(chlorotrifluoroethylene) (PCTFE), Teflon®-AF, 
Cytop®, and various copolymers of TFE.  Therefore, there is still a demand for fluorine-
containing polymers that posses the desired high performance properties without the 
processing limitations and arduous preparation of monomer feed stocks.  
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Figure 1.1.  Concise examples of various classes of commercial fluoropolymers.  Key:  
poly(tetrafluoroethylene) (PTFE), poly(vinylenedifluoride) (PVDF), fluorinated ethylene 
propylene (FEP), perfluoroalkyoxy resin (PFA), poly(chlorotrifluoroethyene) (PCTFE), 
copolymer of PVDF and PCTFE (Kel-F), copolymer of poly(hexafluoropropylene) 
(PHFP) and VDF (Viton® A), poly(methyltrifluoropropylsiloxane) (PMTFPS), 
perfluoropolyether (PFP).  
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Perfluorocyclobutyl (PFCB) Aryl Ether Polymers 
Perfluorocyclobutyl (PFCB) aryl ether polymers are an emerging class of semifluorinated 
polymers introduced by Dow in the early 1990’s that have demonstrated analogous 
properties with commercial fluoropolymers, yet are entirely amorphous and solution 
processable.  In addition, polymerizations can be performed on a large scale requiring 
minimal operational skills and equipment compared to commercial chain extended 
fluoropolymers.    PFCB aryl ether polymers (1.2) are commonly prepared by a free 
radical-mediated, condensate-free [2 + 2] thermal cyclodimerization of aryl trifluorovinyl 
ether (TFVE) containing monomers (1.1) at temperatures of 150−200 °C (Scheme 1.1, 
Route A).3-5  They can also be prepared by classic condensation polymerization using, for 
example, reactive 1,2-bishexafluorocyclobutyl aryl ether monomers (Scheme 1.1, Route 
B).3  The first example of thermal cyclodimerization of fluoroolefins for advancing 
molecular weight was reported by DuPont in 1965 producing PFCB alkyl ether oligomers 
for thermosets.6  The only other successful reported linear polymerization of an aryl 
TFVE required extensive heating under very high pressure in the presence of gamma 
radiation.7   
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Scheme 1.1.  Route A:  thermal [2 + 2] cyclodimerization of aryl TFVE monomers (1.1) 
forming PFCB aryl ether polymers (1.2).  Route B: condensation polymerization of 
PFCB aryl ether intermediate producing AB-type PFCB aryl ether polymers. 
 
 
PFCB rings were first discovered in 1947 by examining the thermal 
decomposition products of PTFE.6  Due to the high angular strain energy of the 
fluoroolefin, formation of the less sterically strained perfluorinated cyclobutane ring is 
thermodynamically favored by 38.6 kJ/mol (Figure 1.2).8,9  In comparison to ethylene 
dimerization, it turns out, the endothermic formation of cyclobutane requires 13.4 kJ/mol.  
For oxygen-containing fluoroolefin ethers (R−O−CF=CF2), the activation energy for 
cycloaddition is further reduced by 15−20 kcal/mol as compared to alkyl fluoroolefins 
(R−CF=CF2) or halogen-containing fluorocarbons (X−CF=CF2).10-12  Computational 
studies revealed the PFCB aryl ether compounds are more stable by 325 kJ/mol than the 
non-ether analogues.13  Furthermore, this study demonstrated that the presence of an 
oxygen ether containing PFCB molecules is a requisite for the anomeric effect, and was 
shown to contribute additional stability by 5−10 kJ/mol.    
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Figure 1.2. Energy diagram comparing tetrafluoroethylene and ethylene dimerization and 
their accompanying ring strain energies.  
 
 
The thermal cyclodimerization via the diradical intermediate of aryl TFVE ether 
monomers produces stereorandom PFCB aryl ether rings in primarily 1,2 fashion (i.e., 
head-to-head).5  The existence of the diradical intermediate has been debated, albeit a 
recent study using electron paramagnetic resonance (EPR) has proven its formation.14  
This event affords a statistical head-to-head mixture of (R,R)-, (S,S)- and (R,S)-PFCB aryl 
ether isomers (Figure 1.3).5  In addition, less that 10% of 1,3-substituted PFCB aryl ether 
is observed due to head-to-tail cyclodimerization.  The isomers of PFCB aryl ether 
dimers were separated by fractional crystallization and elucidated by X-ray 
crystallography.15 
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Figure 1.3.  Stereoisomers resulting from the thermal 1,2-cyclodimerization of aryl 
TFVEs.  
 
 
The resulting chain extension of isomers produces an amorphous PFCB aryl ether 
polymer with excellent solubility and processability.   It is this combination of thermal 
stability and solution processability that makes PFCB aryl ether polymers attractive for a 
multitude of new applications often inaccessible using commercial fluoropolymer 
preparative routes.  A review by Ameduri16 and consolidated accounts by Babb3,4 have 
illustrated the general utility of PFCB alkyl/aryl ether polymers.  Many research groups 
globally are active in the preparation of new PFCB aryl ether polymers tailored for a 
broad range of applications.   
The following portions of this chapter highlight this class of highly processable, 
semifluorinated PFCB aryl ether polymers encompassing the most recent contributions 
from the worldwide field of researchers.  Areas of technology utilizing PFCB aryl ether 
polymers that will be discussed include photonics, atomic oxygen (AO) resistant 
coatings, hybrid composites, fuel cells, and liquid crystals.  Partial work in this chapter 
has been recently published in a consolidated review.17 
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Polymer Synthesis and Properties 
Monomer and Polymer Synthesis 
Traditionally, aryl TFVE containing monomers (1.1) are efficiently prepared in a two 
step process starting from phenolic precursors (1.3) via alkylation with 1,2-
dibromotetrafluoroethane,18 followed by zinc-mediated dehalogenation of the 
dibrominated intermediate 1.4 (Scheme 1.2).  In 1993, Babb et al. at Dow first reported 
the synthesis of 3-trifluorovinyloxy-α,α,α-trifluorotoluene, 1,3-
bis(trifluorovinyloxy)benzene, 4,4’-bis(trifluorovinyloxy)biphenyl, and 1,1,1-tris(4-
trifluorovinyloxyphenyl)ethane from commercial phenols.5  This report demonstrated 
thermal chain extension of bis- and trisfunctionalized aryl TFVE monomers to PFCB aryl 
ether polymers 1.5 for thermoplastics (Figure 1.4) and 1.9 (R = CH3) for thermosets 
(Figure 1.5), respectively.  The thermal cyclopolymerization proceeds either as a melt or 
in high boiling solvents (e.g., biphenyl ether or mesitylene) without initiator or evolution 
of condensate.  To date, a variety of mono-, bis-, and trisfunctional aryl TFVE monomers 
have been prepared simply by choosing the appropriate phenolic starting materials.  
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Scheme 1.2. Synthesis of aryl TFVE monomers from functionalized bisphenols. 
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The formation of one specific minor by-product should be avoided during the 
preparation of aryl TFVE monomers using the above alkylation and zinc-mediated 
elimination process.  During both the fluoroalkylation and zinc-mediated elimination 
steps, the presence of available protons (adventitious water or unreacted phenol) can lead 
to the formation of the tetrafluoroethyl ether (−ArOCF2CF2H).  This impurity acts as a 
chain terminator during PFCB aryl ether polymer formation and can be minimized by 
ensuring that anhydrous conditions are employed during alkylation and elimination.  
Furthermore, the by-product has been shown to affect dielectric properties of the 
resulting polymers, the near IR transparency,19,20 and the ability to exploit the telechelic 
nature of PFCB aryl ether oligomers.  A mechanism for the formation of the intermediate 
(−Ar−OCF2CF2Br) and aryl TFVE (−Ar−OCF=CF2), which also accounts for the 
formation of this hydride by-product, was originally proposed by Wakselman et al.18   
Interestingly, this mechanism suggests that highly reactive tetrafluoroethylene (TFE) is 
responsible for alkylation of the phenolate.       
Other PFCB aryl ether thermoplastics containing hexafluoroisopropylidene 
(1.6),21 α-methylstilbene (1.7),22 and isomers of naphthalene (1.8)23 have been recently 
reported.  Included in the family of thermosetting materials, a trifluoromethyl-
functionalized PFCB aryl ether network 1.9 (R = CF3) has also been recently prepared 
(Figure 1.5).24  The ability to modestly increase the degree of fluorination has profound 
optical affects as will be demonstrated in the later portions of this chapter.   
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Figure 1.4.  Thermoplastic PFCB aryl ether polymers prepared by aryl TFVE monomers 
synthesized from commercial bisphenols. 
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Figure 1.5.  Network PFCB aryl ether polymers prepared from trisphenols.  
 
 
 
A methodology was established employing 1-bromo-4(trifluorovinyloxy)benzene 
1.10 as a versatile intermediate for an alternate preparation of aryl TFVE monomer 
systems tailored for a myriad of applications (Scheme 1.3).25-27  The aryl TFVE-
functionalized compound 1.11 can be easily prepared from inexpensive 4-bromophenol 
in high yield utilizing the aforementioned alkylation–reduction methodology.  The 
reactive intermediate is prepared from 1.10 using well-established Grignard or 
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organolithium halogen−metal exchange chemistry with the fluorinated olefin intact.  
Using this methodology, readily transformable functional groups have been installed on 
the aryl TFVE.  These include carboxylic acid, acyl chloride, aldehyde, alcohol, and 
amine groups that can undergo further coupling or condensation.  An important 
derivative is the boronic acid and stannyl aryl TFVE from which numerous 
bisfunctionalized aryl TFVE monomers were prepared by Pd-mediated Suzuki and Stille 
coupling.  Phosphine-containing aryl TFVE monomers have also been prepared for use as 
Horner-Witting intermediates.  
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Scheme 1.3.  Halogen−metal exchange or Grignard reagent of 1.10 followed by 
substitution of electrophiles affords a diverse pool of reactive aryl TFVE functionalized 
intermediates for the preparation of aryl TFVE monomers. 
 
 
 10
Scheme 1.3 demonstrates the utility of intermediate 1.11 from the aforementioned 
halogen−metal exchange strategy producing an abundance of bis- and trisfunctionalized 
aryl TFVE monomers.  Condensation of aryl TFVE dimethylchlorosilane (R = 
Si(CH3)2H) via dehydrogenative hydrolysis/methanolysis yielded the first siloxane-
containing aryl TFVE monomer for the preparation of  PFCB aryl ether fluorosilicones 
(1.12).27  Disilanol monomers containing PFCB aryl ether rings have also been prepared 
to produce fluorosilicones via condensation polymerization.28  Similarly, silicon-enriched 
PFCB aryl ether network polymers (1.23) were prepared by Kim and Heeger using 
phenethylsilane trifunctional aryl TFVE monomer prepared by the condensation of 
lithiated 1.10 with alkylchlorosilanes.29  Trapping the lithium intermediate of 1.10 with 
FSO2Cl followed by amination afforded sulfonimide aryl TFVE monomer (R = SO2NH2) 
that produced various PFCB aryl ether polymers with fluorosulfonimide backbones 
similar to 1.16.30   Triaryl phosphine oxide functionalized PFCB aryl ether polymers 
(1.14) were prepared from the respective aryl TFVE monomer by quenching the Grignard 
of 1.10 (R = MgBr) with phosphorus trichloride or phenylphosphonic dichloride.31  Pd-
catalyzed Suzuki coupling of the boronic acid or ester 1.11 (R = B(OH)2 or B(OR)2) with 
halogen-containing heteroaromatics afforded the respective aryl TFVE monomers used to 
prepare monomers for PFCB aryl ether polymers containing pyrimidine (1.22),32  
terphenyl (1.13),33 triarylamine (1.20). Similarly, Sonogashira Cu coupling of 
intermediate 1.11 (R = CCH) was used to prepare hexa-peri-hexabenzocoronene (HBC) 
PFCB aryl ether networks (1.17).34  Harris showed the construction of imide-
functionalized PFCB aryl ether polymers (1.15) can be prepared starting from the amine 
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aryl TFVE monomer (R = NH2).35  The ability to couple the aryl TFVE carboxylic acid 
of 11 (R = COOH) with primary alcohols was used for the preparation of polyhedral 
oligomeric silesquioxanes (POSS) PFCB aryl ether copolymers (1.19).36  Similarly, Jen 
has shown coupling with the aryl TFVE carboxylic by anchoring chromophore-
functionalized oligomers via post-esterfication to afford polymer 1.21 and other 
analogous dendrimers.37  The aryl TFVE carboxylic acid monomer has also been used to 
chelate rare-earth metals as shown with PFCB aryl ether network (1.18).38  PFCB aryl 
ether polymers functionalized with crown ether vertebrae (1.24) have also been reported 
utilizing the condensation with the acyl chloride aryl TFVE (R = COCl) as the 
intermediate.39  The PFCB aryl ether polymers shown in Figure 1.6 are not all-
encompassing examples prepared to date.  Rather each polymer is a representative 
example, spanning a broad range of applications. The polymers related to their 
applications will be discussed in the later portion of this chapter.   
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Figure 1.6.  Diverse family of PFCB aryl ether polymers from aryl TFVE monomers 
prepared utilizing the halogen−metal exchange intermediate strategy.   
 
 
 
 Five aryl TFVE monomers with reactive pendent functional groups have been 
synthesized via a simple and efficient three-step “one-pot” procedure using the 4-
bromo(trifluorovinyloxy)benzene intermediate 1.10 (Figure 1.7).40  The Grignard reagent 
of 4-bromo(trifluorovinyloxy)benzene, rather than a lithium reagent, was successfully 
prepared and quenched with methyl trifluoroacetate.  This one-pot process is 
operationally simple, high yielding, and tolerant to functionally diverse electrophiles 
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affording a new series of aryl TFVE derivatives.  These monomers underwent bulk 
homo- and copolymerization to afford high molecular weight, thermally robust PFCB 
aryl ether polymers.  The ability to solution process these polymers into transparent, free-
standing films would make them attractive for a multitude of patterning and optical 
applications. In particularly, pendant acrylate aryl TFVE monomers can be used in 
photolithography templating followed by thermal curing producing PFCB aryl ether 
crosslinked networks.  Furthermore, pendant cycloalkanes and the 1-bromoalkane PFCB 
aryl ether polymers are anticipated to undergo postfunctionaliztion by nucleophilic 
substitution. 
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Figure 1.7.  One-pot synthesis of aryl TFVE monomers from the versatile 4-
bromo(trifluorovinyloxy)benzene intermediate 1.10. 
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Several groups have reported a step wise classical polymerization in conjunction 
with thermal PFCB aryl ether polymerization.  As shown in Figure 1.8, Neilson et al. 
prepared a series of poly(alkyl/aryl)phosphazenes prepolymers with reactive pendant aryl 
TFVE moieties (1.25) by employing condensation polymerization of N-
silylphosphoranimines.41  PFCB aryl ether-based ABA triblock copolymers with 
poly(styrene) (1.26)42 and methyl methacrylate43 have also been prepared using atom 
transfer radical polymerization (ATRP).  These examples demonstrate the utility of 
incorporating aryl TFVE groups that still possess latent reactivity to form PFCB aryl 
ether polymers. As another example, Ameduri and Souzy published the radical 
copolymerization with fluoroolefins such as vinylidene fluoride.16   
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Figure 1.8.  Poly(methylphenyl-phosphazine) with PFCB aryl ether chain extensions 
(1.25) and ABA poly(styrene)-PFCB aryl ether triblock copolymers (1.26). 
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 As previously mentioned, an alternate and less commonly reported procedure for 
preparing PFCB aryl ether polymers has been performed using the PFCB aryl ether dimer 
intermediate 1.27 as a monomer (Scheme 1.4).  Examples include condensation 
polymerization of intermediate 1.27 with 4,4'-(1-phenylethylidene)diphenol (1.28),3 4-
phenylazoaniline (1.29),23 4,4'-sulfonyldiphenol (1.30),44 and polyethylene glycol 
diazides (1.31).45  The intermediate 1.27 where X = OH (and other bisphenols) was 
shown to undergo facile addition to the aryl TFVE aryl ether monomers, producing a 
novel polymer system 1.32 with 1,2-difluorovinylene aryl ether (−O−CF=CF−O−) or 
1,2,2-trifluoroethane (−O−CHFCF2−O−) enchainment.36  The formation of these 
semifluorinated aryl ether polymers are tunable to a variety of applications based on the 
substitution of the bisphenol segment such as curing additives,46 proton exchange 
membranes (PEMs) for fuel cells,47 light emitting polymers,48-50 and chemical 
sensing.50,51  In all cases, the copolymers were shown to possess similar thermal stability 
and processability compared to PFCB aryl ether homopolymers or copolymers using the 
traditional thermal [2 + 2] cyclodimerization of aryl TFVEs.   
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Scheme 1.4. Route to PFCB aryl ether copolymers via condensation polymerization 
using PFCB aryl ether dimer intermediate 1.27.  
 
 
 
Polymer Properties 
As a result of their molecular composition, PFCB aryl ether polymers possess excellent 
performance properties such as ease of processing, chemical and thermal stability, and 
the ability to be easily tailored for specific applications (Figure 1.9).  Cycloaddition 
kinetics have been studied in a variety of ways, including differential scanning 
calorimetry (DSC), gas phase 19F NMR,35 time-resolved electron paramagnetic resonance 
(EPR),14 and Raman spectroscopy.52,53  Using thermal gravimetric analysis (TGA) 
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coupled with mass spectrometry (MS), the products of decomposition were studied by 
Babb.54  Interestingly, the PFCB aryl ether did not undergo ring scission, rather the 
degradation mechanism results in the expulsion of perfluorobutenes from the polymer 
system.  Hexafluorocyclobutene, 1,3-hexafluorobutadiene, and phenol were the major 
components of the decomposition gases observed by MS, minor amounts of aryl TFVE 
were detected providing evidence of thermal reversibility.   
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Figure 1.9.  Design motif of high performance PFCB aryl ether polymers.  
Structure−property relationships of the polymer system designed for processability, 
versatility, and performance. 
 
 
 
As summarized in Table 1, several physical properties of PFCB aryl ether 
polymers have been examined.  Melting endothermic transitions and subsequent 
exothermic polymerization events beginning near 150 °C using DSC indicate similar 
monomer reactivity.55  Copolymer and terpolymer reactions show likewise behavior by 
DSC.  Most linear PFCB aryl ether polymers are solution processable in common organic 
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solvents such as chloroform (CHCl3), tetrahydrofuran (THF), cyclopentanone, and 
dimethylsulfoxide (DMSO) to name a few.  The highly fluorinated PFCB aryl ether 
polymer possessing hexafluoroisopropylidene (1.6) was shown to lower the pressures and 
temperatures needed to dissolve a given polymer in supercritical carbon dioxide and 
propane.56,57  After spin coating, the cyclopolymerization event is progressed by heating 
under inert atmosphere to the desired degree of conversion.  Optical absorption for 
various PFCB aryl ether homopolymers were studied in the wavelength spectrum range, 
200−3200 nm.19  
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Table 1.1. Selected physical properties of PFCB aryl ether polymers. 
Property Range Ref(s) 
Mechanical   
Glass transition  (DSC or DMA) 110−350 °C 58,5 
Thermal decomposition (TGA in N2 & air) > 450 °C 5 
Tensile strength  50.3−66.0 MPa 5 
Tensile modulus  1770−2270 MPa 5 
Flexural strength  74.0−92.4 MPa 5 
Flexural modulus  1779−2320 MPa 5 
Percent elongation (break) 4.1−12.5 % 5 
Interfacial shear  123−163 MPa 59 
Hardness  175−653 MPa 59 
   
Processing    
Cure temperature/time 150−220 °C/0.1−3.0 h 58 
Molecular weight (GPC) 1,200−30,000 Mw 58 
Solution viscosity (RMS) 0.02−100 Pa⋅s 58 
Crystallinity (WAXD) 0−35 % 21 
Solid content  50−90 % 58 
Patterning technique µ-molding,  
RIE, O2 plasma 
58 
Spin coat thickness (single) 1−30 µm 58 
Percent water absorption 0.021 wt %, 24 h 58 
   
Optical   
Loss (1550 nm) < 0.25 dB/cm 58 
Birefringence  < 0.003 58 
Refractive index (1550 nm) 1.442−1.505 58 
dn/dt (1550 nm) −0.7 to −1.5 (×10−4) 58 
   
Insulation   
Dielectric constant (10 kHz) 2.4−2.45 5 
Dissipation factor (10 kHz) 0.0003−0.0004 5 
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Applications 
Photonics 
Polymeric optical waveguides are becoming a high priority as technology forges ahead.  
Traditional inorganic crystals and glasses are continuing to hold steady decades after their 
first introduction.  Recently, polymers are beginning to move into the communication 
field as optical networks and computing systems move into homes.60  Planar waveguide 
technology, in particular, is being researched as a solution to the traffic jam from long 
haul, oversea delivery of information to the short, metropolitan connection.61  Polymers 
including polyacrylates,62,63 polyimides,64,65 polyethers,66,67 and polysiloxanes68,69 fill this 
requirement over inorganic counterparts because of their well-known optical properties, 
ease of processing, cost effectiveness, flexibility, toughness, tunability, and long term 
stability.  However, in such systems C−H vibration becomes the most significant role of 
attenuation in the near infrared (NIR) region.  Attempts to replace the hydrogen have 
shown to reduce or remove the vibrations and overtones entirely in the communication 
wavelengths.70  Therefore, fluoropolymers have gained the most consideration because of 
their extended strength and chemical, temperature, and oxygen resistance.    
PFCB aryl ether polymers possess the desirable properties for optical waveguide 
applications such as excellent processability, low dielectric constant, low moisture 
absorption, good oxidative resistance, good thermal stability, high dn/dT value, low 
birefringence, and excellent optical transparency.19,38,71  Fischbeck et al. reported the first 
polymer waveguide using PFCB aryl ether polymers exhibiting both thermal stability in 
excess of 250 °C as well as transmission losses of < 0.3 dB/cm in the range of 
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1535−1565 nm.72  Wong et al. demonstrated a variety of PFCB aryl ether polymers with 
a combination of good thermal and chemical stability, controllable refractive index, low 
birefringence, and low optical loss.73  Their group also introduced siloxane-containing 
structural units into PFCB aryl ether polymers because of their chemical, thermal, and 
oxidative resistance and flexibility at low temperatures.74  Ma et al. achieved low optical 
loss, excellent processability, high thermal stability, high solvent resistance, and low 
surface roughness by synthesis and polymerization of a crosslinkable fluorinated 
dendritic PFCB aryl ether polymer.73,75  Kim et al. described synthesis, analysis, 
characterization, and applications of fluoropolymers containing PFCB aryl ether rings.76  
Their group also looked into the isomeric effect by synthesizing a variety of naphthalene-
based PFCB aryl ether polymers.23,77  Lee et al. synthesized a sol-gel hybrid material 
containing PFCB aryl ether groups with the ability to change the refractive index 
(1.4568–1.4876), birefringence (–0.0003 to 0.0029), and optical loss (0.34–0.47 dB/cm at 
1550 nm) by changing the comonomer feed ratio.78 
Nanocrystals and clusters such as quantum dots (QDs) are chemically synthesized 
semiconducting nanometer-sized crystalline particles which exhibit unique optical and 
spectroscopic properties, such as broad absorption, narrow and tunable emission, 
resistance to photobleaching, efficient luminescence, and long luminescent lifetimes.79  
They are promising building blocks for a range of photonic applications,80-82 as well as 
the immerging fields of medicinal and biological imaging applications.83  While the 
nanocrystals easily disperse in various solvents, in order to utilize their functionality in 
practical integrated photonic systems, they need to be encapsulated into a more robust, 
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but highly functional matrix.  To meet this need, Riman et al. reported the fabrication of 
PFCB aryl ether polymer nanocomposites containing infrared-emitting nanocrystals.84-86  
Rare-earth doped nanocrystals were incorporated into the PFCB aryl ether polymer 
matrix via solvent blending.  This method provides a versatile platform for the integration 
of these nanometer-sized crystals as planar optical amplifiers.  As another example, 
Fuchs et al. fabricated PFCB aryl ether polymer waveguides containing infrared-emitting 
nanocrystals including PbSe, InAs, InAs/ZnSe, and CdSe/ZnS.87 PFCB aryl ether 
polymer films containing InAs QDs were shown for the first time to exhibit an optically 
induced population inversion and gain, based on a three-beam pump-probe technique.88  
Chen et al. functionalized the QD capping ligands compatible with the chemical structure 
of the polymer, thereby allowing loading levels as high as 20 wt%.  This is shown in 
Figure 1.10 with a TEM image of 10 wt % PbS QDs uniformly dispersed in PFCB aryl 
ether polymer 1.5.89 
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 Figure 1.10.  TEM image of dispersed PbS QDs (20 wt %) in PFCB aryl ether polymer 
1.5.  (Courtesy of J. Jin, Tetramer Technologies, L.L.C.)  
 
 
 
Much effort has been focused on the structure−property tunability of PFCB aryl 
ether thermoplastics and thermosets,55 thereby leading to a combination of physical, 
chemical, and optical properties easily fabricated into low loss waveguide structures.90  
We have also prepared submicrometer optically diffractive line gratings (580 nm) for 
waveguide structures by direct microtransfer molding using only a silicon master on 100-
µm thick PFCB aryl ether polymer film (Figure 1.11).58,91,92  Nordin et al. has reported 
the design, fabrication, and measurement of highly efficient, compact 45° single air 
interface bends (SAIBs) using standard microfabrication techniques using PFCB aryl 
ether polymers on silicon substrates (Figure 1.12).93  They showed theoretically and 
experimentally the optical efficiency of waveguide bends and splitters can be increased 
when using air trench structures (ATSs).94,95  Recently, they have developed an 
anisotropic high aspect ratio (18:1) etch for PFCB aryl ether polymers with trenches as 
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narrow as 800 nm; thereby allowing their air-trench bends to reduce the area required by 
a factor of 20, as compared to conventional arrayed waveguide gratings (AWGs).96,97  
Jiang et al. from the Communications Research Center in Canada, used PFCB aryl ether 
polymers as core and cladding materials to fabricate compact wide-band wavelength 
division multiplexers, based on arrayed waveguide grating (AWG) structures, for coarse 
wavelength division multiplexing (CWDM) (Figure 1.13).98,99  
 
2 µm 
2 µm 
15 µm 
 
Figure 1.11. Scanning electron micrographs of line gratings micromolded into PFCB aryl 
ether polymer films by a silicon master. (Reprinted with permission from Smith, D. W. 
Jr., et al. Adv. Mater. 2002, 14, 1585, © 2002 Wiley-VCH Verlag GmbH & Co. KGaA.) 
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Figure 1.12.  Microscope image taken with a DIC filter through a 50 × objective focused 
at the waveguide plane of SAIBs in good alignment (left).  Scanning electron micrograph 
of finished SAIB (right).  The rounded edges were introduced to reduce stress.  The 
dotted line shows the waveguide core location. (Reprinted with permission from Kim, S., 
et al. Proc. SPIE 2005, 5729, 264, © 2005 Society of Photographic Instrumentation 
Engineers.) 
 
 
 
 
 
Figure 1.13.  Scanning electron micrograph showing arrayed waveguide grating (AWG). 
(Reprinted with permission from Jiang, J. et al. J. Lightwave Tech. 2006, 24, 3227, © 
2006 Institute of Electrical and Electronics Engineers (IEEE).) 
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Light Emissive Materials 
 
The discovery of efficient electroluminescence (EL) in organic and conjugated polymer 
thin films generated a tremendous research effort toward the design and fabrication of 
organic or polymeric light-emitting diodes (OLEDs or PLEDs).100-102 Polymeric emissive 
displays produce high contrast images while eliminating the cost, space, weight, and high 
power consumption of inorganic based devices.  However, OLEDs suffer from poor 
lifetimes and low quantum efficiencies.  Thus, there is an increasing need for high 
performance organic polymers as substrates for LEDs.  Recently the use of fluorinated 
polymers revealed the elimination of excimer or exciplex formation and thus the 
enhancement of the EL brightness at reduced turn on voltage (due to the hindrance of F 
atoms).103  PFCB aryl ether polymers offer a series of advantages for use as emissive 
materials.  To date, these semifluorinated polymers have only been used as hole-transport 
layers, due to their ease of processing and thermal polymerization and chemical 
resistance; as compared with the conventional PEDOT:PSS layer.  Jen et al. showed that 
PFCB aryl ether polymers functionalized with hole-transport components, for example 
1.21, has identical or better performance, as well as high transmission in the entire visible 
spectrum.104-112  One noteworthy example utilizing crosslinked PFCB aryl ether polymer 
such as 1.23 was used as a gate dielectric for organic thin film transistors (OTFTs), 
showing a high on/off ratio.29  Their high glass transition temperature (Tg), high thermal 
stability, superior optical clarity, and broad tailorability help to produce efficient devices 
with long lifetimes.104   
2 µm 
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Hexa-peri-hexabenzocoronene (HBC) networks, pioneered by Müllen,113,114 have 
advanced in materials applications such as liquid crystals, hole-transporting layers, and 
photonics.115  Poor solubility is a limitation of HBCs, resulting in limited processing 
methods.  As shown in Figure 1.6, HBC core structures were functionalized with aryl 
TFVE moieties.34  Thermal polymerization yields processable PFCB aryl ether polymers 
with polyaromatic core shells (1.17) that exhibit unique photoluminescence.  PFCB aryl 
ether polymers with tunable photoluminescence were prepared by incorporating 
chromophore segments of fluorene, thiophene, and p-phenylvinylene.116  
 
Electro-Optics (EO) 
As we move further into the future, our communication and computing technologies have 
dramatically increased.  Telecommunications, in particular, have bandwidth expansion 
growing at an exceeding rate and must increase even more rapidly; limitations of 
electronics in signal propagation and switching speeds brings the role of photonics to the 
forefront of research and development.  Nonlinear optical (NLO) materials have been 
growing in interest and attention for almost two decades now.117-119  Second-order NLO 
properties come from the noncentrosymmetric alignment of the NLO chromophores; 
guest-host doping, covalently bound side-chains, or self-assembly.120,121  In order to 
achieve wide spread commercial use of electro-optic (EO) applications, NLO materials 
must have low dielectric constants, constant refractive index over wide wavelength 
(telecommunications) and temperature ranges, high dipole (µ) and hyperpolarizable (β) 
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chromophores, long-term thermal stability, low attenuation, and be processable for the 
preparation of photonic devices.122-125  
PFCB aryl ether polymers encompass excellent properties suitable for EO 
applications.  Incorporating second-order NLO chromophores into PFCB aryl ether 
polymers gives the composite material high EO coefficients, low optical loss, high glass 
transition temperatures, and good processability.  Other research groups are currently 
studying PFCB aryl ether polymers for possible EO applications.20,126-134  Recent 
investigations include PFCB aryl ether polymers functionalized with a series of triaryl 
amino-based chromophores that possess unprecedented hyperpolarizability values 
(20,000 × 10−30 esu measured at 1.6 µm).135,136   
 
Liquid Crystalline Polymers 
 
Liquid crystalline (LC) polymers are used as displays in electrooptic devices and require 
interfacial ordering as well as thermal stability; fluoropolymers, in particular, are quite 
advanced in this respective area.115  Attempts to improve on LC materials were 
envisioned using low surface area fluorine-containing polymers to influence bulk 
properties.  Specifically, the mesogenic nature of α-methylstilbene containing polymer 
1.7 imparts LC ordering similar to LC epoxy thermoset polymers.22,137,138  The polymer 
obtained by thermal cyclopolymerization forms lyotropic lamellar mesophases over a 
wide range of temperatures and molecular weights. Birefringent textures observed by 
optical microscopy are consistent with a nematic phase. Slight shear was essential in 
order to induce the self assembly (Figure 1.14).  Furthermore, film studies using neutron-
 29
reflectometry show self-assembly, producing phase separation of fluorinated segments 
from the non-fluorinated segments.138   
 
 
 
Figure 1.14. Optical microscope images of PFCB aryl ether polymer 1.7 without shear 
(left) and with shear (right).  (Reprinted with permission from Traiphol, R., et al. 
Macromolecules, 2001, 34, 3954, © 2001 American Chemical Society.) 
 
 
 
We have also prepared a new class of thermotropic LC PFCB aryl ether polymers 
(1.13) improving the processability of poly(p-phenylene)s (PPPs) through the installation 
of PFCB aryl ether group as a solubilizing segment into the PPP main chain.33  The 
polymerization induced LC formation mechanism was observed.  Initially, monomer 
melted to form a clear isotropic liquid that does not exhibit birefringence under hot stage 
polarized optical microscopy. As the thermal polymerization proceeded, birefringent 
(nematic) droplets were observed and the droplets continued to grow coalescing into a 
continuous colorful birefringent film characteristic of Schlieren textures (Figure 1.15). 
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Figure 1.15.      Nematic droplets at the early stage (left) and final Schlieren texture 
(right) observed for polymerization to 1.13 during polymerization at 190 °C using hot 
stage polarized optical microscope.  (Reprinted with permission from Jin, J. et al. 
Macromolecules 2006, 39, 4646, © 2006 American Chemical Society.) 
 
 
 
Space Durable Materials 
Polymers possessing phenylphosphine oxide (PPO) backbones have received much 
interest for flame resistance,139 metal complexation,140,141 and atomic resistance.142  PPO 
containing polymers are observed to be amorphous in nature providing low 
birefringence143 and high refractive index.139  Of particular note, Connell et al. at NASA 
Langley have developed a series of PPO containing polymers that have shown excellent 
atomic oxygen (AO) resistance in short-term space flight studies and ground-based 
spaces simulations.144   
In order to enable PFCB aryl ether polymer AO resistance, a method was 
developed to functionalize aryl TFVE monomers with the PPO group and polymerize 
through the traditional thermal [2 + 2] cyclodimerization.  To date, PPO functionalized 
PFCB aryl ether polymers have been prepared with similar structure of 1.14 in addition to 
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three pendent PPO containing polymers interconnected with amide, imine and ester 
linkages (Figure 1.6).145,146  
AO durability of PPO containing PFCB aryl ether polymers was evaluated at the 
NASA Marshall Space Flight Center AO beam facility by mass loss caused by erosion 
after an AO exposure level of 2−6 × 1020 atoms/cm2 (equivalent to an exposure of four 
months duration in low earth orbit (LEO) and with accompanied UV irradiation 
comparable to several hundred equivalent solar hours (ESH).  The copolymer with 12.5 
wt % PPO experienced only 2.2 wt % mass loss compared to 33.2 wt % for homopolymer 
1.5 (without PPO).  These preliminary results clearly indicate an order of magnitude 
increase in AO-erosion resistance for a PFCB aryl ether copolymer containing PPO 
segments. 
 
Proton Exchange Membranes for Fuel Cells  
Polymers functionalized with acid groups have dominated as the ion-exchange 
components for proton exchange membranes (PEMs) in hydrogen-oxygen and direct 
methanol fuel cells.147  Perfluorinated polyethers such as DuPont’s Nafion® polymer 
system has been one of the most widely studied for fuel cell membrane materials.  
However, processability, chemical resistance, and low-moisture absorption of the matrix 
material are requirements in order develop a practical and energy efficient fuel cell.   
PFCB aryl ether polymers possess the desired environmental sustainability, yet 
are highly processable which makes them suitable for PEM materials. Perfluorinated 
sulfonimides are suitable candidates as substitutes for perfluorinated polyether-based 
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polymers.148  DesMarteau et al. has prepared PFCB aryl ether polymers installed with 
perfluorinated sulfonimides representative of 1.16.30  The sulfonimide-functionalized 
PFCB aryl ether polymers were fabricated into moldable, transparent, free-standing films 
that demonstrated excellent thermal stability.  Conductivities tested for these developed 
systems approach that of Nafion® 110 EW.  As another approach, post-sulfonation of 
PFCB aryl ether polymers, for example 1.5 to produce 1.33, either by SO3, oleum, or 
chlorosulfonic acid has also been demonstrated as a potential PEM material (Scheme 
1.5).149  Alternatively, sulfonated aryl TFVE monomers have been prepared and undergo 
thermal [2 + 2] cyclodimerization to afford PFCB aryl ether polymers similar to 
1.33.148,150 
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Scheme 1.5.  Direct sulfonation of PFCB aryl ether polymers.  
 
Hybrid Composites 
The preparation of inorganic−organic hybrid polymers has produced nanocomposites 
with the ability to engineer chemical and physical properties.151  Specifically, polyhedral 
oligomeric silsesquioxanes (POSS) have well-defined nanometer-length scales and 
possess the unique ability to compatabilize with organic-based polymers enhancing the 
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properties of the virgin polymer.152  The synthetic versatility, excellent processability, 
and thermal performance of PFCB aryl ether polymers has been combined with well-
defined POSS structures to produce covalently bound and blended composites.   
Specifically, earlier work by Laine and coworkers reported the synthesis of 
octa(aminophenyl)silsesquioxane (OAPS) functionalized PFCB aryl ether polymer 
network as a platform for new high strength nanocomposites with optical clarity (1.34) 
(Figure 1.16).153  More recent work encompassed the preparation of improved thermally 
stable, solution processable linear POSS PFCB aryl ether polymers with POSS appended 
to the chain ends (1.19) 36 and as pendants (1.35).154  Blending PFCB aryl ether polymers 
1.5 or 1.6 with fluorinated POSS has also enhanced the water and oil repellency of the 
homopolymer.155  In both cases, the composites are prepared with optical integrity 
preserved without compromising properties of the PFCB aryl ether polymer.  The 
preparation of PFCB aryl ether sol-gel materials was prepared with increased thermal 
stability with optical clarity intact.78   
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Figure 1.16. Examples of PFCB aryl ether polymer architectures functionalized with 
POSS. 
 
 
 
Technology Outlook 
 
Since the seminal publication on PFCB aryl ether polymers by Babb in 1993, 
considerable attention from the academic as well as the industrial community has been 
drawn to these unique semifluorinated polymers.  The ability to easily functionalize aryl 
TFVE monomers from commercial phenols has produced PFCB aryl ether polymers 
tailored toward specific applications.  Clearly, this has been demonstrated in this chapter 
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account where technology areas utilizing PFCB aryl ether polymers have enhanced 
performance capabilities in photonics, space durable materials, fuel cell membranes, and 
other high performance applications.  In spite of these notable advancements, PFCB aryl 
ether polymers can address other performance limitations associated with traditionally-
fielded polymer systems in addition to new opportunities that encompass the need for 
processable thermoplastic or thermosetting materials with high thermal stability.  The 
following chapters will demonstrate new advances in hybrid fluoropolymers utilizing aryl 
TFVE monomers for new applications for high performance materials.     
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CHAPTER 2 
POLYHEDRAL OLGIOMERIC SILSESQUIOXANE FUNCTIONALIZED 
POLYMERS AND THEIR APPLICATIONS 
 
Introduction 
Polyhedral oligomeric silsesquioxane (POSS) compounds comprised of a functionalized 
silicon-oxygen caged core framework have received much interest as robust nanometer 
scale building blocks for the development of high performance materials.  Several 
notable reviews have been published on the matter.156-160  Recent applications reported in 
the literature include, albeit not limited to, low κ dielectrics, surface modified supports,161 
semiconducting materials,162-164 atomic oxygen resistant coatings,165,166 photoresists,167,168 
drug carriers,169 light emissive materials,170-172 low surface energy fillers for hydrophobic 
coatings,173-175 and high use temperature composites.176-179  
Caged POSS structures are part of a commercially important class of 
silsesquioxanes with a compositional structure of (RSiO1.5)8 developed in the 1930s by 
General Electric and Corning Glass Works (now Dow Corning).  This generic formula 
and denoted by the name shows that each silicon atom is bound to one-and-a-half oxygen 
atoms (hence, “sesqui”) and also to one hydrocarbon group (hence, “ane”).  POSS 
molecules or polymers are classified as trifunctional siloxanes and formally denoted T-
siloxanes.  This designation was conceived from the silicone industry by General Electric 
which further classifies the remaining siloxanes as the mono-, di-, and quaternary 
functional siloxanes as M, D, and Q, respectively (Figure 2.1).   
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Figure 2.1.  Basic building blocks of siloxanes and their designated notation. 
 
The first oligomeric species of silsesquioxanes were initially investigated by Scott 
in 1946 isolating fully condensed cage structures.180  Brown and Vogt later characterized 
incompletely condensed POSS silanol cages.181  Research in this area laid dormant for 
nearly twenty years until Feher resurfaced this chemistry in 1989 with interest in 
silsesquioxanes as models for silica surfaces in the area of heterogeneous catalysis.182  
Thereafter, a renaissance in POSS ensued with fundamental work in nanometer-sized 
reinforced composites from academic institutions as well as directed applications from 
private industry and government agencies.   
Derivatized nanometer-sized POSS silicas can be incorporated into polymers 
assembling architectures such as, but not limited to blended composites,183-185 branched 
polymers,186-189 as well as incompletely condensed cages.190-193  Fundamentally, single 
caged POSS molecules can be confined to a class of zero dimensional or sphere-like 
reinforcement structures at the nanometer scale.194  However, higher degrees of 
dimensionality can be obtained through aggregation of POSS macromolecules by van der 
Waals forces within a polymer matrix.  This allows one to build structures possessing two 
to three dimensions.  Such a build-up approach produces hybrid organic-inorganic 
systems that show an improvement of bulk polymer properties such as glass transition, 
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mechanical toughness, chemical resistance, ease of processing, fire resistance, and atomic 
oxygen permeability.   
 
Synthetic Strategies for Functionalization 
A plethora of functionalized POSS compounds with the general formula (RSiO1.5)8 can 
be prepared possessing a rigid, cubic core diameter of 0.3–1.0 nm through either an acid- 
or base-catalyzed condensation with functionalized organosilane monomers (Scheme 
2.1).  In such a case where X = Cl, OR’, or OH, the silane monomer undergoes facile 
displacement with water under acid or base catalysis producing linear, cyclic, or random 
oligomeric siloxanes.  Controlling reaction conditions such as monomer concentration, 
catalyst, solvent, pH, and amount of water stoichiometry, one can control the degree of 
condensation to the corresponding polyhedral siloxane.  Albeit complex in nature, the 
mechanism of the catalyzed condensation has been investigated by computational 
modeling of monomer HSi(OH)3 to the octameric species.195-198  
 
n RSiX3  +  1.5n H2O (RSiO1.5)n  +  3n HX
X = Cl, OH, or OR'  
Scheme 2.1.  Hydrolysis of alkyltrisubstituted silanes forming condensed POSS 
networks. 
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Fully Condensed Silsesquioxanes 
Fully condensed cages have the idealized empirical formula (RSiO3/2)n and can be 
precisely produced in synthetically useful quantities possessing frameworks containing 8 
(T8), 10 (T10), or 12 (T12) alternating silicon atoms (Figure 2.2).   
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Figure 2.2.  Fully condensed POSS cage structures. 
 
Condensations performed under acidic conditions form the kinetically stable 
product and forms predominately one Tn cage structure in very high yields.  The major 
product in kinetically controlled condensations is usually the T8 octamer which 
crystallizes from the reaction mixture upon reaching 50% yield.  It has been proposed the 
driving force for T8 formation is due to such structures crashing out of solution before 
other condensation adducts such as the T10 or T12 structures can be formed.199  
It has been shown larger Tn structures can be formed by using the base-catalyzed 
methodology forming structures as large as n = 10, 12, and 14.200-202  These products are 
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conceived as a result of the precipitation of a poorly soluble cage structure or mixture and 
are more thermodynamically favored that the octamer T8. 
Also of importance in the family of condensed siloxane polymers are the ladder-
like polycyclics (Figure 2.3).158  The ladder-like siloxanes encompass a linear six-
member cyclic construction and possess high thermal stability and exhibit excellent 
oxidative resistance.  They have been used for dielectrics, optical fiber coating, gas 
separation membranes, and ceramic binders. 
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Figure 2.3.  Ladder-like condensed siloxane polymer.  
 
Incompletely Condensed Silsesquioxanes 
Base-catalyzed condensation is not as developed as the acid-catalyzed process and 
products are the results of thermodynamic control.  This is due because of facile 
formation and cleavage of Si−O−Si bond.  Rather than producing discrete clusters of Tn 
structures, resinous siloxane oligomers are often formed (Figure 2.4).  The use of these T-
Gels is currently under investigation as potentially high use temperature lubricants for 
bearings used in the aerospace industry. 
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Figure 2.4.  Siloxane resin network (T-Gel). 
 
As a result of incomplete condensation, various discrete silanol functionalized 
open-caged Si−O−Si framework architectures can be obtained in high yields (Figure 
2.5).181  These adducts are a result of intermediate pathways to fully condensed cage 
structures, albeit they become inherently insoluble in solvent media and precipitate from 
solution.   
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Figure 2.5.  Incompletely condensed cages with silanol functionalities. 
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 Long reaction times are often required to evolve the precipitation of incompletely 
condensed cage structures under basic conditions.  However, Feher has developed a high 
conversion method to selectively cleave a silicon corner of a fully condensed cage to 
produce open chain structures.  Specifically, hydride corner capped cyclohexyl8T8 POSS 
undergoes reaction with HBF4/BF3 to produce high yields of exo-trifluoride POSS 
(Scheme 2.2).190,191  Complete inversion of configuration is observed for the trifluoride 
adduct; such stereochemistry is true for all acid-catalyzed cage opening reactions 
employing this strategy. 
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Scheme 2.2.  Acid-catalyzed corner opening of fully condensed cage. 
 
 Similarly, cyclohexyl8T8 undergoes edge opening using TfOH and HBF4/BF3 to 
produce the exo-substituted POSS where R = OTf and F, respectively (Scheme 2.3).  As 
an example of the utility of these substituted POSS cages, it has been shown that 
halogen−metal exchange with alkyl lithium reagents at these positions produced alkyl 
substituted adducts with retention of configuration.  Such motifs, as outlined later in this 
text, will demonstrate their utility as bead copolymers. 
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Scheme 2.3.  Corner opening producing exo-difluoride followed by halogen−metal 
exchange with an alkyl lithium reagent. 
 
 
 
 Although the aforementioned acid-catalyzed transformations selectively produce 
the endo-POSS isomers, it was shown that under sequential transformation of the POSS 
triol to the exo-difluoride using HBF4/BF3, the exo-diol can be obtained by further 
transformation using Me3SnOH in aqueous HCl (Scheme 2.4).  
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Scheme 2.4.  Interconversion of POSS triol from endo to exo configuration. 
 
 Likewise, as shown in Scheme 2.5, the exo-difluoride POSS can be selectively 
interchanged forming the either endo- or exo-POSS diol.  Water hydrolysis produces 
inversion of configuration with R = OTf substituted POSS producing the endo species.  
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On the other hand, treatment of the exo-difluoride POSS with Me3SnOH in aqueous HCl 
affords the exo-POSS diol with retention of configuration.   
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Scheme 2.5.  Selective conversion of POSS exo-difluoride to endo- or exo-POSS diol. 
 
Polymers Functionalized with POSS 
Structure−Property Relationships 
POSS as illustrated in Figure 2.6 is an inorganic silicon-oxygen framework with organic 
chains for compatibility with a matrix material as well as with reactive groups that can be 
copolymerized with other monomer species.  POSS exhibits precise dimensions 
possessing Si−Si and R-R distances of 0.5 nm and 1.5 nm, respectively.   
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Figure 2.6.  Generalized POSS structure.  
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Compared to other reinforced materials using inorganic-based fillers to date, 
POSS solely exists as a three-dimensional (3D) or spherical core structure within a 
polymer matrix.  In comparison, other classes of nanometer-sized fillers for composite 
reinforcement include carbon fiber (1D), layered clay silicates (2D), and single and multi-
walled nanotubes (SWNTs and MWNTs) (1D).  POSS materials; however, have the 
ability to build up to higher orders of dimensionality through mechanisms such as 
aggregation or matrix functionalization.  POSS can be conceptualized within a polymer 
matrix shown in Figure 2.7.  POSS segments can be either blended or covalently linked 
to the polymer matrix.  As shown in Figure 2.7a, the POSS blends can form various 
degrees of aggregation inducing the formation of crystalline domains to build up 
dimensionality.  Figure 2.7b shows covalently linked POSS structures to a polymer 
system whereas the degree of aggregation can possibly be minimized.   
 
a b  
Figure 2.7.  Blended POSS within a polymer matrix (a) and POSS copolymerized with 
the matrix (b). 
 
 
 
Copolymer systems can be extended to include architectures such as the ones 
shown in Figure 2.8.  Each system poses unique intermolecular bonding motifs as 
outlined later.   
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Figure 2.8.  Various POSS copolymer architectures. 
 
As demonstrated, numerous possibilities of POSS incorporated scaffolds can be 
envisioned to produce inorganic-organic hybrid materials that can integrate the high 
strength properties and oxidation resistance from ceramics with the ease of processiblilty 
from polymers (Figure 2.9).  Therefore, by altering molecular level structure one can 
tailor bulk properties to suit specific applications. 
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Figure 2.9.  Interrelationship of POSS as inorganic-organic hybrid materials. 
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Crosslinkable Copolymers 
 
Crosslinkable POSS monomers constitute multifunctional bonding with a monomer on 
the Si−O−Si core shell.  As shown in Scheme 2.6, Pt-catalyzed hydrosilyation of 
octakis(3-hydroxypropyldimethylsiloxy)octasilsesquioxane (OHPS) cage structures with 
methacrylate functionalized olefins produces multifunctional POSS systems.203  This 
system was designed for utilization in polyester nanocomposite precursors.   
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Scheme 2.6.  Multifunctional POSS crosslinker monomer. 
 
 Other crosslinkable POSS hybrid materials have been synthesized to produce 
polyimides as space-survivable materials (Scheme 2.7).204,205  
Octaaminophenylsilsesquioxane (OAPS) was prepared by the condensation of 
phenylamino groups appended to the POSS corners with phthalic anhydride producing 
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crosslinked networks.  These POSS composites possess high thermal stability exhibiting 
a 5% mass loss at temperatures up to 500 ºC.   
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Scheme 2.7.  Synthesis of POSS polyimides for space-survivable materials. 
 
Pendant Copolymers 
Copolymers with POSS as pendant groups can be prepared using heptaethyldec-9-enyl 
POSS monomer as shown in Scheme 2.8.  In the presence of either titanocene or 
zirconocene-based catalyst systems activated by methylalumoxane (MAO), high 
molecular weight polymer can be obtained as a plasticizer enhancer.206  More 
interestingly, they can also be copolymerized with a feedstock of propylene or ethylene 
that shows a depression in melting point by nearly 20 ºC compared with the 
homopolymer.  Furthermore, thermostability enhancement was observed with a 50% 
increase in decomposition temperature. 
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Scheme 2.8.  Vinyl POSS monomers for polymerization or copolymerization in the 
presence of metallocene catalysts. 
 
 
 
 POSS incorporated epoxy resins as produced in Scheme 2.9 illustrate the ability 
of POSS to control polymer chain motion within a matrix.  Epoxy functionalized POSS 
when reacted with difunctional epoxides in the presence of diamines produce epoxy 
resins that show increase in glass transition temperatures of the bulk material.207,208  
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Scheme 2.9.  Epoxy functionalized POSS incorporated into epoxy nanocomposites.   
 
 Another example of a property enhancing copolymer system employs norbornyl 
functionalized POSS (Scheme 2.10) in the ring-opening metathesis polymerization 
(ROMP) with norbornene.209  In the presence of molybdenum catalysts, random 
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copolymers were obtained that were observed to significantly increase glass transition to 
69 ºC compared with poly(norbornene) at 52.3 ºC.  Not only was the glass transition 
improved, X-ray diffraction analysis showed no change in the amorphous nature 
compared to pure poly(norbornene).  This is another remarkable feature of POSS 
incorporation where desired properties are enhanced without the expense of significantly 
altering the molecular composition inherent of the bulk material. 
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Scheme 2.10.  Norbornyl POSS as monomer for ring-opening metathesis 
copolymerization. 
 
 
 
As a further illustration of the diverse utility of POSS copolymer systems is the 
ability to use styryl functionalized monomers in chain-growth polymerizations (Scheme 
2.11).210  The thermoplastic materials produce improved mechanical properties.  At POSS 
minimal loadings of up to 8 wt %, glass transition and thermal decomposition 
temperatures were observed to increase nearly by 16 and 14 ºC, respectively.  Further 
rheological studies show the melt and solid phase features are similar to those of poly(4-
methylstyrene) homopolymer.211  
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Scheme 2.11.  AIBN initiated chain-growth polymerizations of styryl functionalized 
POSS monomers. 
 
 
 
Bead Polymers 
Bead polymers such as siloxane-based copolymers shown in Scheme 2.12 are an example 
of processable precursors for ceramics.212  Similarly devised copolymers with 
hydrosiloxane-based polymers affords a 14.5% char yield at a processing temperature of 
1000 ºC producing SiC, SiO2, and SiOxCy species.213  Thermal degradation analysis 
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shows POSS can promote distinct decomposition mechanisms based on the degree of 
weight percent incorporation.   
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Scheme 2.12.  Siloxane POSS copolymers from dimethyl functionalized dihalo- or 
aminosilanes. 
 
 
Metal Containing POSS and Applications 
A recent review by Lorenz illustrates the preparation of main group and f-block 
metallasilsesquioxanes for utility as solid state models for heterogeneous catalysis or as 
catalysts themselves.214  Figure 2.10 shows different types of metal containing POSS 
molecules that are almost exclusively prepared via condensation of a metal halide 
species.  High-valent vanadium functionalized POSS has been used to react with 
trialkylaluminum reagent to produce active catalyst in the polymerization of ethylene and 
other α-olefins.161  As another example, alkylidiene-molybdenum corner-capped POSS 
has shown catalytic activity for olefin metathesis.215  
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Figure 2.10.  Examples of metal containing POSS compounds prepared from 
incompletely condensed frameworks. 
 
 
Conclusion 
POSS materials have shown a remarkable advancement for a multitude of applications in 
all facets of materials science since early reports in the late 1950’s.  Given the 
exponential rise in POSS-related publications over the past 20 years (Figure 2.10),216 
fundamental and applied development in this area continues to grow in pace with the 
demand of high performance materials.   
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 Figure 2.11.  Exponential growth of POSS related publications over the past 20 years. 
 
Based on this concise review of POSS materials and their broad applicability, 
little work has been performed on studying the effects of POSS incorporation in 
fluoropolymers.  The next two chapters will expand on the utility on this area by 
incorporating POSS cages, either by blending or covalently linked, in perfluorocyclobutyl 
(PFCB) aryl ether polymers.  The synthesis, characterization, and properties of these new 
POSS PFCB aryl ether polymer hybrid systems will be discussed.  
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CHAPTER 3 
 
POLYHEDRAL OLIGMERIC SILSESQUIOXANE 
PERFLUOROCYLCOBUTYL ARYL ETHER POLYMER BLENDS  
FOR LOW SURFACE ENERGY MATERIALS 
 
Low Surface Energy Materials 
Biologically Inspired Materials 
Attempts to fabricate low-energy surfaces, by mimicking biological organisms, to 
produce ultrahydrophobic materials continues to gain interest.217  Of particular interest, 
many plant species including the lotus leaf exhibit a peculiar self-cleaning mechanism as 
the result of micron-sized nodes decorated on the surface of the leaf.218,219  Coined the 
“lotus effect,” the intrinsic non-wetting mechanism induces water beading and water is 
naturally repelled from the surface removing any foreign debris.220,221  In addition, insect 
species, such as the water strider, possess oriented spindled microsetae that induce a non-
wetting effect allowing this class of spider to walk on the surface of water.222  There are 
many reported approaches that successfully produce artificial, biologically replicating, 
non-wetting surfaces.  These methods include self-assembly223,224 and chemical 
deposition225,226 of low surface energy molecules, fabrication of micron-sized ordered 
arrays by lithography,227-229 and etching of a surface to generate nanometer and micron 
sized roughness.230,231  However, there remains a need to prepare scaleable low surface 
energy materials since these approaches produce materials that often require aggressive 
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chemical and/or thermal treatments, employ arduous patterning methods, produce 
inhomogeneous layered surfaces, or generate poorly adhered coatings.     
 
Measuring Low Surface Energy 
The adhesion of solids, for example polymers, with other substances is an important 
property for many applications. The phobic or philic nature of a solid in contact with 
other substances is a result of a combination of chemical bonding, hydrogen bonding, 
acid−base interactions, and/or van der Waals interactions.  Specifically, measuring the 
interaction of a liquid drop on a solid surface is standard practice for measuring the 
surface free energy of a material. Young has shown the mechanical equilibrium of a 
liquid drop resting on a surface is governed by the interaction of three surface tensions at 
the interface of the solid and the vapor (γSV), solid and liquid (γSL), and liquid and vapor 
(γLV).232  This force balance is derived as the Young’s equation (Equation 3.1) where θ is 
the contact angle of the liquid drop to the solid surface and γSV is the surface free energy.  
This is also illustrated in Figure 3.1 and varying degrees of wettability is shown in Figure 
3.2. 
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γSV  =  γSL +  γLV cos θ    (3.1) 
 
The Young’s equation of surface free energy is an oversimplified expression 
assuming the solid surfaces are entirely smooth and homogeneous.  Many expressions 
can be derived from the Young’s equation that take into account specific dominating 
bonding or molecular interactions by the nature of the liquid or solid.  Liquid contact 
angles were classically measured by dispensing microliter amounts of liquids from a 
syringe and visually measuring the contact angle using a goniometer.  This practice is 
common from an industrial standpoint where an ASTM standard (ASTM D724-99) has 
been established for measuring surface wettability of paper.  More advanced instruments 
allow for contact angle measurements by video capture and graphical software 
calculations.  Another indirect method called the Wilhelmy-plate has been employed 
measuring tensiometric forces of a liquid applied to a solid substrate. Both goniometry 
and Wilhelmy-plate methods have their advantages and disadvantages, yet both provide 
suitable and agreeable surface energy measurements.  Zisman has developed a more 
empirical method for measuring the wetting behavior of liquids and allows predictions 
based on interpolation by nature of a homologous series of liquids.233 
    
 
Figure 3.1.  Static liquid drop on a solid surface illustrating the interfacial interactions of 
the solid, liquid, and gas phases with accompanying contact angle (left).  Tilted surface 
illustrating perturbation in the liquid drop producing contact angles that are advancing 
(θa) and receding (θr) (right). 
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Figure 3.2.  Range of stationary contact angle values and accompanying notation for 
degrees of wetting.  
 
 
 
The measure of a stationary (or advancing) contact angles does not entirely 
express the wetting influence of a solid substrate.  When a surface is tilted, the advancing 
contact angle (θa) and receding contact angle (θr) provides information about the surface 
hysteresis (Figure 3.1, right).234  The concept of hysteresis is illustrated in the following 
example.  Compare two surfaces with static water contact angles (θa) of 175° and 90°.  
Upon tilting both surfaces, the water drop does not roll off the surface with a static 
contact of 175°, but water easily rolls off the surface with a contact of 90°.  Therefore, 
which surface is deemed more hydrophobic?  In the case where the water did not roll off 
the surface, this is due to effects of pinning where the water is simply entrained by the 
surface as a consequence of surface topology, or surface roughness.  Further empirical 
rationale has been thoroughly explained by McCarthy.229,235  The nature of surface 
roughness has been investigated by the classical reports by Wenzel236 and Cassie and 
Baxter.237  Roughness is a contributing factor to the overall repellant ability of a surface 
as governed by the Wenzel and Cassie−Baxter states (Figure 3.3).  Wenzel’s model 
Spreading       Complete          Partial             γSL = γSV                   Negligible               Non-wetting    
“philic”                                                                                              “phobic”                “ultraphobic” 
 Surface tension (l) = High surface energy Low surface energy surface energy (s) 
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redefines the contact angle as cos θ’ = r cos θ, where r is a roughness factor, defined as 
the ratio of the actual area of a rough surface to the geometric projected area.  The Cassie 
and Baxter model defines cos θ’ = f1 cos θ − f2 cos θ, where f1 is the fraction of fluid area 
in contact with the material, and f2 is the fraction of the fluid area in contact with air.  In 
the Wenzel regime, the liquid drop is considered pinned to the surface and will possess 
lower receding contact angles.  If optimum surface roughening is achieved, the transition 
from the Wenzel to the Cassie−Baxter state is possible, affording a hydrophobic surface.  
 
 
Wenzel state Cassie−Baxter state 
 
Figure 3.3.  Effect of surface roughness of a liquid drop in the Wenzel and Cassie and 
Baxter regimes. 
 
 
 
Many biological systems exhibit high degrees of water repellency.  In particular, 
the Lotus leaf not only exhibits high degrees of hydrophobicity (20−160°) depending on 
the species, but have an inherent ability to clean their surfaces by removing debris using 
water as a vehicle (Figure 3.4).  This self-cleaning mechanism is attributed to the 
combination of nano- and micrometer-sized waxy nodules on the leaf surface that 
generate a low degree of surface hysteresis, where water is easily repelled taking away 
foreign debris.238  It is the combination of this two-tier roughened surface texture, in 
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addition, to the hydrophobic nature of individual waxy nodules that creates a low energy 
surface.   
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Figure 3.4.  Comparison of smooth hydrophobic surface to roughened surface mimicking 
the natural topology of the lotus leaf.  
Complete 
cleaning 
 
 
 
As a result of the discovery of the lotus leaf effect, other naturally evolved 
biological systems are under intense investigations in hopes to replicate their surfaces by 
artificial means.   
 
POSS Materials as Low Surface Energy Materials 
As discussed in Chapter 2, POSS has shown substantial utility for a broad number of 
material applications. Only a few reports have incorporated POSS into polymers for 
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improving hydrophobicity and none exist that addresses oleophobicity.  For example, the 
diol functionalized POSS was incorporated into polyurethane anionomers and showed 
modest increase in hydrophobicity due to the hydrophobic nature of iso-butyl POSS 
moieties and nanometer-sized surface roughness due to POSS aggregation.173  Likewise, 
similar dewetting behavior, albeit modest, was observed utilizing partially fluorinated 
POSS in polycarbonates.174,239   
In order to increase the hydrophobic or oleophobic nature of bulk composite 
materials is by introducing fillers with a high degree of fluorination and increase surface 
roughness.  Furthermore, these fillers should be compatible with the matrix material 
without (or improving) bulk material properties.  Indeed, there have been many reported 
partially or fully fluorinated nanometer-sized particles to choose from.  One example 
includes the fluorination or fluoroalkylation of C60.240,241  However, X-ray analysis of 
fluorinated C60 is complicated by the presence of both D3 and S6 isomeric C60F48 
molecules and is difficult to assess purity.242   The perfluorocarborane species, perfluoro-
deca-β-methyl-para-carborane, characterized by single crystal X-ray studies, shows 
remarkable hydrolytic and oxidative stability.243   Fluorinated carbon nanotubes and 
carbon nanofibers have also been produced.244  Fluorinated adamantane, prepared by 
direct fluorination methods of adamantane, has been carried out and is also a reasonable 
consideration for organofluorine fillers.245  However, the aforementioned fluorinated 
nanometer-sized fillers can be hazardous to prepare (i.e., direct gaseous fluorination), 
require air and moisture sensitive manipulations, and have limited economies of scale. 
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The aim of this chapter was to synthesize new POSS compounds that possess a 
high degree of fluorination as nanometer-sized fillers for large scale fluoropolymer 
composites.  The compounds were then solvent blended into perfluorocyclobutyl (PFCB) 
aryl ether polymers and their surface properties were evaluated.  The broad utility of 
PFCB aryl ether polymers was discussed in Chapter 1, but this study will show the 
influence of fluorinated POSS blended in this amorphous semifluorinated polymer.  This 
approach is a complement to blending work that has been performed by Mabry, et al. at 
the Air Force Research Laboratory (AFRL) by mechanically blending fluorinated POSS 
materials in poly(chlorotrifluoroethylene) (PCTFE), perfluoroalkyoxy (PFA), and 
poly(vinylenedifluoride) (PVDF).    The incorporation of fluorinated POSS has produced 
hybrid fluoropolymer composites with profound enhancement of hydro- and oleophobic 
properties.175,246  Furthermore, ultraoleophobicity surfaces from fluorinated POSS 
blended into a nonfluoroinated polymer such as poly(methyl methacrylate) has also been 
reported by McKinley and Cohen.247  This approach demonstrates successful inclusion of 
POSS as fillers without the need for elaborate modification of bulk surfaces.  A portion of 
the work presented in this chapter has been previously reported.155,248-250    
 
Fluorinated POSS PFCB Aryl Ether Polymers Blends 
Synthesis of Fluorinated POSS 
Fluorinated POSS compounds were synthesized by well-established base-catalyzed 
(KOH) condensation of alkyloxysilanes, in this case, fluoroalkyltriethoxysilanes in 
absolute ethanol media to produce nearly quantitative yields of POSS compounds 
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(1H,1H,2H,2H-nonadecafluorohexyl)8Si8O12 (FH), (1H,1H,2H,2H-tridecafluoro-
octyl)8Si8O12 (FO), and (1H,1H,2H,2H-heptadecafluorodecyl)8Si8O12 (FD) (Scheme 
3.1).249  Purification of FH, FO, and FD is simply achieved by filtering precipitated 
product from the ethanolic/KOH solution and washing repeatedly with absolute ethanol, 
producing free-flowing white powders.  The preparation of (3,3,3-trifluoropropyl)8Si8O12 
(FP) POSS where Rf = CH2CH2CF3 was not achieved using the aforementioned 
procedure.  Rather, FP POSS was prepared by a corner capping method of a POSS 
trisodium silanolate 3.1 (Scheme 3.1); this method will be discussed later in this chapter.   
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Scheme 3.1.  Synthesis of fluorinated POSS by the base-catalyzed condensation of 
fluoroalkyltriethoxysilanes. 
 
 
With the exception of FP, which is readily soluble in common organic solvents, 
FH, FO, and FD are soluble only in commercial fluorinated solvents such as AK-225 or 
hexafluorobenzene.  The melting points for these compounds vary between 120−150 °C, 
with the exception of FP, which melts significantly higher at approximately 235 °C.  This 
high melting point of FP is likely due to increased intimate intermolecular Si...F contacts.  
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Thermal gravimetric analysis (TGA) indicated the fluorinated POSS compounds 
volatilize, rather than decompose in both nitrogen and air.  FD is the most stable, 
subliming at approximately 325 and 300 °C in nitrogen and air, respectively. The 
construction of these highly fluorinated POSS T8 cages produce very dense, high 
molecular weight materials.  For example, FD has a molecular weight of 3993.54 g/mol 
and has a density of 2.067 g/mL. 
 
Characterization of Fluorinated POSS 
 
Fluorinated POSS compounds FP, FH, FO, and FD were elucidated by 1H, 13C, 19F, 29Si 
NMR and purity confirmed by combustion analysis (C, H, F).  This information and 
experimental details are reported in Chapter 10.  X-ray quality crystal structures have 
been refined and crystallographic data for FH and FD (Figure 3.5) have been submitted 
to the Cambridge Crystallographic Data Center (CCDC) with publication number 608207 
and 608209, respectively.  Copies can be obtained free of charge from CCDC, 12 Union 
Road, Cambridge, CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk).  The FP POSS X-
ray structure has also been elucidated and is shown in the later portions of this chapter. 
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Figure 3.5.  ORTEP representation of FH (top) and FD (bottom) POSS with ellipsoids at 
50% probability.  (Structure determination by A. Vij.) 
 
Surface Properties of Fluorinated POSS 
The fluorinated POSS compounds FP, FH, FO, and FD were spin cast from AK-225 
onto a glass substrate.  The spin casting produces well-adhered, white power-like films 
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and did not expose any of the glass substrate. Their static (or advancing) contact angles 
were measured using deionized water and hexadecane as test fluids.  Hexadecane is a 
commonly accepted test fluid for determining the oil repellency (or oleophobicity) of a 
material.  The measured water contact angles for FP, FH, FO, and FD were 116°, 131°, 
138°, and 154°, respectively.  Furthermore, the hexadecane contact angles for FP, FH, 
FO, and FD were 69°, 80°, 82°, and 87°, respectively.  These measurements were an 
average of three different areas on the fluorinated POSS coated surface and contact angle 
error was within ± 2°.  These results are graphically illustrated in Figure 3.6.  FD POSS 
produced the highest water and hexadecane contact angles.  Since its water contact angle 
was greater than 150°, the surface of FD is classified as being formally ultrahydrophobic.   
 Upon initial inspection, there is a near linear progression of water and hexadecane 
contact angle in relation to the increasing fluorine content of the POSS compounds.  This 
is clearly shown by a 13% increase in water contact angle from FP (38.2% fluorine 
content) to the FH (57.2% fluorine content) compound.  It would appear a leveling-off 
effect is anticipated past the series fluoroalkyl substitution beyond the FO, since a 
negligible increase of 5% was observed from FH (57.2% fluorine content) to FO (61.9% 
fluorine content).  However, the FD (64.7% fluorine content) has an abrupt increase of 
12% from FO POSS.  A similar trend was observed for hexadecane contact angles, but 
the standard deviation would indicate oleophobicities of FH, FO, and FD are the same.  
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 Figure 3.6.  Water and hexadecane static contact angles of fluorinated POSS compounds. 
 
 
 
Generation of potential energy surfaces for a packed lattice of FH and FD 
provided a better understanding of the observed increase in water contact angle of FD 
POSS.  As shown in Figure 3.7, FH POSS is compared with FD POSS which showed a 
molecular roughening arranged in a corrugated fashion.  FD and FO POSS also showed 
similar flat packing planes compared with FH POSS.  This increased molecular-scale, 
calculated to nanometer-scale, surface roughness presumably contributes to the dramatic 
increase in the water contact angle of FD to 154°, which is approximately 23° higher than 
FH.  
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FH FD
 
Figure 3.7.  X-ray crystal structures (top) of FH and FD POSS and their accompanying 
electrostatic potential diagrams.  (Structure determination and potential energy plots by 
A. Vij.) 
 
 
 
The potential energy surfaces shown in Figure 3.7 represent crystalline surfaces 
obtained by X-ray analysis.  It should be noted the water contact angles for the observed 
trend were analyzed from spin cast, semicrystalline powder films.  AFM analysis 
revealed the spin cast FD POSS surface produced a root-mean-square (RMS) roughness 
of approximately 4 µm (Figure 3.8).   
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Figure 3.8.  AFM height (a) and phase (b) image of spin cast film (SCF) of FD POSS 
showing micrometer-size crystalline aggregates and water drop on SCF of FD POSS with 
a measured contact angle of 150° (c). 
 
 
 
Surface Properties of Fluorinated POSS PFCB Aryl Ether Polymer Blends 
 
As shown in the previous sections FD POSS possessed the highest water and hexadecane 
contact angles of 154° and 87°, respectively.  The work accompanying this section will 
focus primarily on PFCB aryl ether polymer blends with FD since these would produce 
composites with the degree of water and hexadecane repellency.  Fluorinated POSS are 
blended into biphenyl (BP) and 6F biphenyl (6F-BP) PFCB aryl ether polymer (Figure 
3.9).  Commercial BP and 6F-BP PFCB aryl ether polymers were used which had a 
typical number-average molecular weight (Mn) of 35,000 and 25,500, respectively.  
Composite blends were prepared by dissolving a specified weight percentage of 
fluorinated POSS relative to PFCB aryl ether matrix in a minimal amount of 
hexafluorobenzene.  Although the fluorinated POSS and PFCB aryl ether polymer 
dissolved in solvent produced a readily homogenous solution, the mixture was rigorously 
blended with a magnetic stirrer for five minutes.  The solution was then spin cast onto 
FD POSS Surface
 70
glass plates (ca. 0.50−0.75 µm thick), producing optically transparent films for loadings 
less than 20 wt % POSS. 
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Figure 3.9.  PFCB aryl ether polymers BP and 6F-BP used to solvent blend with 
fluorinated POSS compounds. 
 
 
 
  BP PFCB aryl ether polymer is hydrophobic producing a water contact angle of 
89° which is comparable to many grades of commercial Teflon®.  Hexadecane contact 
angles were difficult to obtain on the unblended BP polymer; however, a 19° contact 
angle was obtained, but typically hexadecane wetted the surface.  Incorporation of FD 
POSS at increasing wt % loadings showed a gradual increase in water and hexadecane 
contact angle (Figure 3.10).  The FD POSS loadings up to 20 wt % produced a 122°, an 
overall 36% increase in water contact angle compared with unblended 6F-BP.  At 
optimized FD POSS loadings of 10 wt %, a maximum hexadecane contact angle of 71.9° 
was observed, producing a non-wetting composite by increasing hexadecane repellency 
119%.  Loadings up to 20 wt % FD POSS loading still appeared transparent and 
homogenous. 
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Figure 3.10.  Water and hexadecane contact angles of various wt % of FD POSS blended 
into BP PFCB aryl ether polymer. 
 
 
 Increasing FD POSS wt % loadings blended with 6F-BP PFCB aryl ether 
polymer showed a gradual increase in water, but profound increase in hexadecane contact 
angle (Figure 3.11).  The 6F-BP PFCB aryl ether polymer is intrinsically hydrophobic 
and produced water and hexadecane contact angles of 95° and 27°, respectively.  FD 
POSS loadings up to 15 wt % developed a plateau in water contact angle; the blend 
showed an overall 32% increase in water contact angle (124°) at this loading compared 
with unblended 6F-BP.  At optimized FD POSS loadings of 10 wt %, a maximum 
hexadecane contact angle of 80° was observed, increasing hexadecane repellency by 
158%.  It is noted when blended surfaces were tilted beyond 90° or even inverted (180°), 
water remained pinned to the film; this is not the case with powdered surfaces solely 
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prepared from spin cast fluorinated POSS.  While films prepared from 15 wt% FD POSS 
loading still appeared transparent and homogenous, 20 wt% FD POSS produced slight 
phase separation.  At 30 wt % FD POSS, significant incompatibility was observed 
producing brittle, opaque films with crystalline aggregates on the film surface.    
 
 
Figure 3.11.  Water and hexadecane contact angles of various wt % of FD POSS blended 
into 6F-BP PFCB aryl ether polymer.  
 
 
 
 Dynamic water and hexadecane contact angles were evaluated to determine the 
degree of hysteresis of FD POSS blended into 6F-BP PFCB aryl ether polymer.  The 
angles of advancing (θa) and receding (θr) of water and hexadecane were obtained by 
placing a liquid drop on the surface and tilting the stage of the goniometer.  The results of 
the measurements for water and hexadecane are shown in Figure 3.12 and Figure 3.13, 
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respectively.  At all wt % of FD POSS blended into the polymer, the water and 
hexadecane drops remained pinned on the surface, even when the stage was tilted 90°.  
Initially, the advancing and receding angles were taken at the onset of liquid drop 
perturbation on the uphill and downhill side during as the stage was tilted.  However, 
these measurements were difficult to assess “by eye” and produced a high deviation in 
recorded values.  Therefore, the dynamic angles were recorded at a 90° tilt in order to 
ensure consistency.  These results indicate a condition of high surface hysteresis where 
the surface energy (γSV) exceeds the surface tension (γSL) of the liquid drop.  The pinning 
observed in the POSS blended materials indicates the liquid drops are in the Wenzel 
regime.  Later sections of this chapter will introduce the effect surface roughness has on 
destabilizing the solid−liquid interface.    
 
 
 74
 
Figure 3.12.  Dynamic water contact angles of various wt % of FD POSS blended into 
6F-BP PFCB aryl ether polymer.  
 
 
 
 
Figure 3.13.  Dynamic hexadecane contact angles of various wt % of FD POSS blended 
into 6F-BP PFCB aryl ether polymer.  
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 FD and FO POSS were blended with 6F-BP PFCB aryl ether polymer and their 
water and hexadecane contact angles were compared with blends prepared from FD 
(Figure 3.14 and 3.15).  The FO POSS 6F-BP PFCB aryl ether polymer blends produced 
slightly lower, yet comparable water and hexadecane contact angles to FD POSS.  It was 
apparent based on the results of water and hexadecane repellency of FD POSS 6F-BP 
PFCB aryl ether polymer blends are mainly affected by the fluorocarbon content.  For 
comparison, the blends using FP POSS produced water and hexadecane contact angles of 
97° and 58°, respectively, at 15 wt % loadings.  FD POSS blends suffered the same fate 
compared with FO and FD POSS because loadings higher than 20 wt % produced phase 
separated, heterogeneous films. 
 
 
 
Figure 3.14.  Water contact angles of various wt % of POSS blended into 6F-BP PFCB 
aryl ether polymer. 
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Figure 3.15.  Hexadecane contact angles of various wt % of POSS blended into 6F-BP 
PFCB aryl ether polymer. 
 
 
 
 Figure 3.16 shows the video capture of water and hexadecane drop on the surface 
of 6F-BP PFCB aryl ether polymer film blended with FD POSS at 10 wt % loading.  The 
hexadecane drop behavior was significantly noticeable from a nearly spreading drop in 
the unblended film to a partial spreading drop, nearly at wetting equilibrium (i.e., 90°). 
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Figure 3.16.  Static water contact angles of 6F-BP (a) and 6F-BP polymer blended with 
10 wt % FD POSS (b).  Static Hexadecane contact angles of 6F-BP (c) and 6F-BP 
polymer blended with 10 wt % FD POSS (d). 
 
 
 
  Blending FD POSS into the BP-6F PFCB aryl ether polymer introduced 
additional fluorine content and increased surface roughness.  As demonstrated in the 
beginning of this chapter, the relationship of contact angle and surface energy is governed 
by Young’s equation which relates interfacial tensions among the surface to the liquid 
and gas phases of water.21    Furthermore surface roughness imparts increased 
hydrophobicity to material as demonstrated by Cassie and Wenzel.22,23  Atomic force 
microscopy (AFM) analysis of 15 wt % FD blend compared with the virgin 6F-BP PFCB 
aryl ether polymer showed a marked increase in surface roughness (Figure 3.17 and 
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3.18).  From AFM analysis, unblended 6F-BP polymer and 15 wt % FD POSS composite 
blend gave a measured surface roughness (RMS) of 0.527 nm and 1.478 nm, respectively 
(see also Table 3.1).  The incorporation of the fluorinated FD POSS structures produced 
this three-fold increase in surface roughness possibly due to blooming and aggregation of 
these structures on the surface during the spin casting process.  The increase in surface 
roughness was nearly 1 nm (the difference of 1.278 nm and 0.527) due to the inclusion of 
FD POSS.  Such a slight increase in surface roughness is usually not enough to influence 
the overall macroscopic properties such as the contact angle. However, it was shown that 
modeled nanometer-sized surfaces generated a modest increase in hydrophobicity due to 
changes in local water density gradients.  The nanometer surfaces impressions disrupt the 
molecular water organization on the surface contributing an increase of ca. 7 mN/m to the 
surface−liquid tension.251  It is generally accepted average surface roughness (Ra) < 100 
nm has little affect on contact angles and hysteresis.252,253  Indeed, many other examples 
have been reported that show nanometer surface roughness generated by POSS influence 
the hydrophobicity of the surfaces.173,174,183,239,254,255  Therefore, it is presumed the low 
surface energy fluorine content contributed by fluorinated POSS has the most influence 
on the surface contact angle, whereas the surface roughness is an important, but minor 
contributing parameter.  Additional surface characterization should be considered to 
determine the concentration gradient of the fluorinated POSS structures on the surface 
compared to those entrained in the bulk material. 
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Figure 3.17.  AFM images of spin cast films of 6F-BP polymer (left) and 10 wt % FD 
POSS blended with 6F-BP polymer (right). 
 
 
 
 
 
 
Figure 3.18.  Top view AFM phase images of 6F-BP polymer (left) and 10 wt % FD 
POSS blended with 6F-BP polymer (right). 
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  The surface free energy (γSV) of the FD POSS blended and unblended films were 
calculated and compared (Table 3.1).  Two approaches have been described for the 
calculation of surface free energy from direct contact angle measurements.256  The 
method involves an equation of state approach using Young’s equation and is more an 
empirical approach and not generally applicable.  The second method invokes the surface 
tension of components approach that assumes additive contribution of force components 
(acid−base, hydrogen bonding, van der Waals, etc.).  The constructs of the equation based 
on a geometric mean approach produced Equation 3.2 which accounts for primarily 
dispersive forces and is limited to evaluating surface free energy from hydrocarbon 
contact angles and their corresponding surface tensions (γLV ).   
 
                                                 (3.2)  
γ (1 + cos θ)2LV  
γSV   =  
4
 
 This method simplifies, albeit roughly estimates, the standard approach of surface 
free energy determination from Zisman plots that require a multitude of test fluids.233  
Based on measured hexadecane contact angles (θhex) of unblended 6F-BP PFCB aryl 
ether polymer and 15 wt % blend with FD POSS, the reported surface free energies were 
23.8 and 9.5 mN/m, respectively.  Until more rigorous analysis of fluorinated POSS 
blended films utilizing the method of Zisman, these rough estimates show the relative 
magnitude of influence upon the incorporation of FD POSS.  The FD POSS 6F-BP 
PFCB aryl ether polymer blends possess high degrees of hydrophobicity when compared 
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with commercial fluoropolymers (Table 3.2).  FD POSS produced a blended polymer 
system also capable of possessing high degrees of hexadecane repellency compared with 
commercial fluoropolymers which showed near wetting behavior. 
 
 
Table 3.1.  Static contact angles and surface roughness measurements obtained from 
AFM of fluorinated POSS and 6F-BP polymer blends. 
entry θwater (°) θhex (°) RMS (nm) γSV (mN/m) 
6F-BP (no POSS)   94.9 31.0  0.527 23.8 
10 wt % FD blend 120.9 80.2 1.478 9.5 
 
 
Table 3.2.  Water and hexadecane contact angles of 
several commercial fluoropolymers.  
 polymer  θwater (°) θhex (°) 
CF2CF2 n
PTFE  
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30 
CF2CH2 n
PVDF  
75 wets 
CF2CF2 CF2CFn mCF3
FEP  
97 35 
 
 
Analysis of 15 wt % FD POSS PFCB polymer composite film surface by 
scanning electron microscopy (SEM) analysis using energy dispersive X-ray 
spectroscopy (EDS) elemental mapping showed excellent dispersion of the POSS within 
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the PFCB aryl ether polymer matrix (Figure 3.19).  These observations confirm those 
obtained by AFM analysis such that micrometer-sized aggregation does not occur with 
POSS loadings less than 15 wt %.   
 
composite
5 µm
 
 
Figure 3.19.  EDS elemental maps of 15 wt % FD POSS blended with 6F-BP polymer as 
a composite, Si, and F from left to right. 
 
 
 
 Compared with AFM analysis, powder wide angle X-ray diffraction (WAXD) 
confirmed the presence of highly crystalline FD POSS aggregates from its spin cast film 
(Figure 3.20).  The diffraction angles at 5.5°, 9.8°, and 11.0° produced the highest 
intensity indicative of POSS (101), (210), and (012) planes.257  The (113) and (300) 
planes are also present at around 17.1° and 18.3° typical of overlapping reflections of 
similar lattice spacing.  The virgin 6F-BP polymer showed typical peak broadening at 
15.3° indicative of the spin cast film’s amorphous nature due to broad interlamellar 
regions of polymer chains.  The spin cast film of 15 wt % FD POSS blended with 6F-BP 
PFCB aryl ether polymers showed sharp diffraction of the (101) and (210) POSS planes 
at 5.6° and 9.7°, respectively.  Based on area integrations of the amorphous to crystalline 
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regions, the contribution of 15 wt % FD POSS produced ca. 35% total crystallinity in the 
polymer composite blend.  
 Films of the virgin 6F-BP PFCB aryl ether polymer and the blend with FD POSS 
were annealed at 60 °C for 24 h.  Their corresponding WAXD patterns are shown in 
Figure 3.21.  A single intense signal was produced at 16.1° from the annealed films of the 
blended and unblended polymer.  This phenomenon has been reported and is presumably 
due to the hexafluoroisopropylidene linkages (C(CF3)2) shrouding the aryl rings of the 
polymer backbone forcing the polymer into a rigid rod confirmation due to mutual 
repulsion of the geminal perfluoromethanes.21  The peak features characteristic of POSS 
is faintly present at 6.4° and 9.7° 
 
 
Figure 3.20.  XRD patterns atom maps of spin cast films (SCF) of (top) FD POSS, 
(middle) 15 wt % FD POSS blended with 6F-BP polymer, and (bottom) 6F-BP 
polymers. 
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Figure 3.21.  XRD patterns atom maps of spin cast films (SCF) of (top) annealed FD 
POSS (15 wt %) blended with 6F-BP polymer, (middle) annealed 6F-BP polymer, and 
(bottom) before annealing 6F-BP polymer. 
 
 
 
 Static water and hexadecane contact angles were measured on the SCF surfaces of 
FD POSS PFCB aryl ether polymer blends before and after annealing as shown in Figure 
3.22 and Figure 3.23, respectively.  Interestingly, the water and, in some cases, 
hexadecane contact angles were slightly higher for SCF films after annealing at 60 °C, as 
a general trend.  However, the modest increase of 3% and 2% was observed with SCF 
films before and after annealing with no FD POSS content for water and hexadecane, 
respectively.  These measurements were taken in triplicate and the reported values are 
within error of standard deviation.  The contact angle trend increases asymptotically with 
increasing FD POSS wt % as previously observed.  Therefore, it is assumed the modest 
contact angle increase is attributed to the crystalline domain formation of the 6F-BP 
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PFCB aryl ether polymer during annealing−cooling process as previously shown and 
reported.21  These crystalline domains are presumed to increase the surface roughness, 
thus increasing the surface area of fluorine-rich segments of the polymer backbone.  
Similar phenomena has been reported where the surface morphology of isotactic 
poly(propylene) was roughened by controlling the degree of recrystallization and 
produced ultrahydrophobic coatings.231  SCFs of BP PFCB aryl ether polymer before and 
after annealing did not exhibit any contact angle increase.  This is expected since the BP 
PFCB aryl ether polymer does not recystallize, but remains entirely amorphous after 
annealing−cooling cycles. 
 
 
Figure 3.22.  Comparison of static water contact angles of spin cast films before and 
after annealing of various wt % of FD POSS blended into 6F-BP PFCB aryl ether 
polymer.  
 
 86
 
Figure 3.23.  Comparison of hexadecane water contact angles of spin cast films before 
and after annealing of various wt % of FD POSS blended into 6F-BP PFCB aryl ether 
polymer.  
 
 
 
Thermal Properties of Fluorinated POSS PFCB Aryl Ether Polymers Blends 
Differential scanning calorimetry (DSC) analysis of 15 wt % FD POSS blended with 6F-
BP PFCB aryl ether polymer confirmed the presence of POSS inclusion.  The DSC traces 
shown in Figure 3.24 represent the second reheating scan.  FD POSS showed a melting 
endotherm at 142 °C which is present in the blended spin cast film. The unblended 6F-
BP PFCB aryl ether polymer produced a melting response at 186 °C which has been 
previously reported.21  An initial glass transition temperature was observed for both the 
blended and unblended films at ca. 100 °C.  The presence of FD POSS in this highly 
fluorinated PFCB aryl ether matrix showed no suppression of polymer melting or change 
in Tg. 
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 Figure 3.24.  DSC trace overlay of BP-6F polymer as SCF (top), 15 wt % FD POSS 
blended with 6F-BP as SCF (middle), and FD POSS (bottom).  Melting endotherm 
indicative of FD POSS in the blend is denoted in the middle curve.  
 
 
Optical Properties of Fluorinated POSS PFCB Aryl Ether Polymers Blends 
PFCB aryl ether polymers as demonstrated in Chapter 1 have been employed for a 
multitude of optical applications to the high degree of transparency as a result of their 
amorphous nature.  Inclusion of POSS as blends has been shown to improve the water 
and oil repellency and may also improve other properties desired for high performance 
optics.  The effect of fluorinated POSS in PFCB aryl ether polymer blends on the 
refractive index was investigated.  The polymer blends of 6F-BP PFCB aryl ether 
polymer with various wt % FO and FD POSS were spin cast onto Si wafers.  The 
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refractive index upon the addition of POSS did not provide a handle for tuning RI as 
shown in Figure 3.25.  However, this data shows the refractive index values relatively 
unchanged and these materials may find use in low dielectric optical materials.   
 
 
Figure 3.25.  Refractive index 15 wt % FO and FD POSS blends with 6F-BP polymer 
taken at 632.8 nm.  
 
 
Fluorinated Tadpole POSS PFCB Aryl Ether Polymer Blends 
 
In the previous section, the fluorinated POSS compounds FP, FO, FH, and FD consist of 
symmetrical fluoroalkyl chains encompassing cubic T8 cages with octahedral symmetry 
(Oh).  This section represents another class of fluorinated POSS compounds that are 
desymmetrized by way of substitution on a single cage corner, producing C3V symmetry 
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and informally denoted “tadpole” structures.  The substitution on the Si cage corner with 
extended fluoroalkyl chains is anticipated to reveal interesting surface aggregation 
ultimately affecting surface topology and free energy. 
 
Synthesis via Corner Capping 
 
Fluorinated POSS compounds 3.2–3.9 were prepared by the condensation “corner-
capping” of the hepta(3,3,3-trifluoropropyl)tricycloheptasiloxane trisodium silanolate 3.1 
with fluoroalkyltrichlorosilanes (RfSiCl3) in the presence of triethylamine (Et3N) (Scheme 
3.2).  It is noted POSS compound 3.2 is the same as FP POSS structure discussed in the 
previous section of this chapter.   
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Scheme 3.2.  Synthesis of fluorinated POSS compounds 3.2−3.9 by the corner capping 
with POSS trisodium salt 3.1 with fluoroalkyltrichlorosilanes. 
 
 
Preparation of corner-capped POSS triols has been shown to be of general utility as 
demonstrated in the seminal reports by Feher.193,258  The construction of fully fluorinated 
POSS cage structures could only be achieved by employing the trisodium silanolate POSS 
salt 3.1 functionalized with 3,3,3-trifluoropropyl chains on each Si apex.  This synthesis 
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was originally reported by Fukada183 involves the controlled condensation of (3,3,3-
trifluoropropyl)trimethoxysilane with H2O/NaOH in THF producing near quantitative yield 
of the air stable, but moisture sensitive salt 3.1 (Scheme 3.3) 
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Scheme 3.3.  Synthesis of POSS trisodium salt 3.1 by base-catalyzed condensation of 
3,3,3-trifluoropropyltriethoxysilane. 
 
 
Corner capping with commercially available functionalized 
fluoroalkyltrichlorosilanes afforded fully condensed diverse T8 architectures possessing 
linear fluoroalkyl chains (3.2–3.5), a branched structure (3.6), and a branched ether (3.7).  
The preparation of 3.2 has previously reported by base-catalyzed condensation of (3,3,3-
trifluoropropyl)trichlorosilane, albeit in poor yields, requiring extensive reaction time for 
conversion and produced a mixture of octahedral (T8) and decahedral (T10) 
structures.259,260  In comparison, this corner capping methodology offers improved yields 
(73−83%) of functionalized compounds 3.2–3.7 with the exclusive formation of desired 
T8 cages.    This corner-capping methodology can be easily extended to introduce a 
corner capped POSS with non-fluorinated alkyl 3.8 and aryl 3.9 moieties in a 
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predominantly fluorinated environment; these are useful in generating materials with 
hybrid properties.   
 
 
Characterization 
 
In addition to full characterization of 3.2−3.9 employing multinuclear NMR (1H, 13C, 19F, 
and 29Si), X-ray structures of 3.2 and 3.8 were resolved as shown in Figure 3.26 and 3.27, 
respectively.  Crystallographic data for 3.2 and 3.8 has been submitted to the Cambridge 
Crystallographic Data Center (CCDC) with publication number 629369 and 642077, 
respectively.  Copies can be obtained free of charge from CCDC, 12 Union Road, 
Cambridge, CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk).    
 
 
 
 
Figure 3.26.  ORTEP representation of 3.2 (left) showing the asymmetric atoms with 
displacement ellipsoids at 40% probability. Packing diagram of 3.2 (right) along c-axis 
showing dimeric nature of intermolecular Si…F contacts.  (Structure determination by A. 
Vij.) 
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Figure 3.27.  ORTEP representation of 3.8 with ellipsoids shown at 30% probability.  
Hydrogen atoms are omitted for clarity.  (Structure determination by A. Vij.) 
 
 
 
The crystal structure of 3.2 could only be obtained as a THF solvate.  In the 
absence of THF, the crystals rapidly turned amorphous indicating that this solvent is 
necessary for lattice stabilization.  The asymmetric unit contains two silicon atoms, Si(1) 
and Si(2), which are interconnected via oxygen atom O(1).  The 3,3,3-trifluoropropyl 
chain (R = CH2CH2CF3) bonded to Si(1) showed perfect ordering, while the other 
fluoropropyl chain bonded to Si(2) showed two disordered  positions.  The POSS cage is 
completed by symmetry generated Si(1), O(2), and O(3) atoms along four fold inversion 
axis.  The crystal packing of 3.2 showed an interesting Si…F interaction.  Each of the 
four symmetry generated chains forms a dimeric contact with the neighboring POSS 
molecule via an intermolecular Si(1)…F(3) distance of 3.48 Å.  These interactions run 
along the c-axis thereby forming layers of POSS cages in the ab-plane.  The crystal 
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structure of 3.8 was also elucidated to prove the diversity of the corner-capping process.  
The structure is highly disordered and only one component of this disorder is shown in 
Figure 3.27.   
An interesting structure−property relationship was observed for compounds 3.2–
3.5.  Melting points were depressed as fluoroalkyl chain lengths were increased from 3.2 
(234−237 ºC) compared to compounds 3.3–3.5 (88−107 ºC).  The fact that attempts to 
grow crystals of 3.3–3.5 were difficult may help explain the observation of lower melting 
points due to weak crystal lattice energies.  The decrease in melting points is valued for 
compatibility in low temperature melt processing of these fluorinated POSS compounds 
for the preparation of polymer blended composites.   
Analysis by 29Si NMR revealed peak shifts consistent with predicted symmetry of 
the corner substituted fluorinated POSS cages.  For example, 3.2 produced a single shift 
at −67.3 ppm consistent with the Oh symmetry of the molecule (Figure 3.28).  A 
nonequivalent Si is generated upon substitution at the cage corner other than Rf = 
CH2CH2CF3 consistent with C3V symmetry.  This was shown for POSS compound 3.3 
where peak signals at −67.2 and −67.4 ppm were produced in 1:7 ratio based on peak 
area by integration.  Branched fluorinated POSS corner-capped with hexafluoroisobutane 
(3.6) produced similar peak shifts at −67.3 and −70.6 ppm with a 7:1 peak ratio (Figure 
3.29).  However, POSS caged corner-capped with (3-heptafluoroisopropoxy)propane 
(3.7) produced a 1:4:3 peak ratio based on area integration at −66.1, −67.3, and −67.5 
ppm, respectively.  The rotational flexibility of the ether presumably enhances the 
nonequivalency of the Si atoms in three distinct spatial environments.  
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Figure 3.28.  29Si NMR ((CD3)2CO, 59.6 MHz) of compounds 3.2 (top) and 3.3 
(bottom).  The apex Si of 3.3 substituted with tridecafluoro-1,1,2,2-
tetrahydrooctylheptane showed splitting with a 1:7 peak ratio based on area integration in 
the 29Si NMR due to C3V symmetry.  
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Figure 3.29.  29Si NMR ((CD3)2CO, 59.6 MHz) of compounds 3.7 (top) and 3.8 
(bottom).  The apex Si of 3.7 substituted with (3-heptafluoroisopropoxy)propane showed 
splitting with a 1:4:3 peak ratio based on area integration in the 29Si NMR.  
 
 
 
Surface Properties of Fluorinated Tadpole POSS 
 
The hydrophobicity and oleophobicity of the fluorinated POSS corner-capped “tadpole” 
compounds were tested using static liquid drop shape analysis.  As demonstrated in 
previous sections, the relationship of contact angle and surface energy is governed by 
Young’s equation and relates interfacial tensions of the surface to the liquid and gas phases 
of a liquid.232  Contact angle measurements were performed on fluorinated POSS coatings 
prepared from hexafluorobenzene solutions that were spin cast onto glass (Figure 3.30).  
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The application of water on these solids showed good non-wetting behavior producing 
contact angles greater than 90º.  Therefore, these solids are considered hydrophobic and to 
some extent oleophobic.  Water drops did not adhere to the POSS coatings and 
subsequently rolled off as the surface was tilted beyond 90º; this was not the case with 
hexadecane which often was absorbed by the coated surface.   
 
 
 
Figure 3.30.  Water and hexadecane contact angles of POSS compounds 3.2−3.9 
prepared by corner capping. 
 
 
 
The well-adhered, powder-like films possessed nanometer-scale surface 
roughness (RMS) due to solvent evaporation during the spin coating process as measured 
by AFM analysis.  It has been shown solvents used for spin coating affect the roughness 
of the surface which is directly correlated to the rate of solvent evaporation.261  With 
fluorinated POSS, these studies are limited to using fluorinated solvents; 
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hexafluorobenzene provided the best ability to solvate the fluorinated POSS compounds.  
The surface roughness, in addition to low surface energy fluorine atoms on the POSS 
cages contributes to the nonwetting behavior.236,237  Figure 3.31, for example, showed the 
AFM-generated surface of 3.4 measured an average surface roughness of 20 nm.  This 
surface morphology was consistent with all spin cast surfaces of fluorinated POSS 
compounds 3.2–3.5. 
 
 
 
2 µm 
 
2 µm
 
Figure 3.31.  AFM phase (left) and height (right) images of POSS compound 3.4.  
 
 
 
  Compared to the linear fluoroalkyl corner capped silsesquioxanes 3.2−3.7, the alkyl 
(3.8) or aryl (3.9) corner-capped analogues showed approximately a 10% decrease in water 
contact angles.  However, there is a significant decrease in the hexadecane repellency by 
36% on average that can be attributed to increased miscibility between the hydrocarbon 
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chain on POSS and the hydrocarbon nature of hexadecane.  A branched structure, as shown 
for 3.6, was observed to produce the highest degree of water and hexadecane repellency.  
Furthermore, hydrophobicity was likely lowered for 3.7 due to hydrogen bonding of the 
water drop with the ether moiety.  This ether functionality induces wetting imparted by 
water, but does not affect the oleophobicity. 
 
Surface Properties of Fluorinated Tadpole POSS PFCB Aryl Ether Blends 
 
The hexafluoroisobutane corner-capped POSS compound 3.6 showed the highest water 
and hexadecane contact angles of 122° and 74°, respectively.  The branching nature of 
one iso-butane substitution possibly shields the polar Si−O−Si framework at the Si-
substituted corner from the interaction of hydrogen bonding by water.  The effect of 
water is more pronounced than with hexadecane which is nearly the same for corner-
capped compounds 3.2−3.6 as illustrated in the previous section.  Therefore, POSS 
compound 3.6 was used to blend with 6F-BP PFCB aryl ether polymer in order to 
enhance the water and hexadecane repellency.  
 Blends of 3.6 with varying wt % of POSS with 6F-BP PFCB aryl ether polymer 
were prepared in similar fashion with the blends in the previous section.  Films of the 
blends were prepared by spin casting from hexafluorobenzene and tested for water and 
hexadecane repellency.  As shown in Figure 3.32, a negligible improvement in water 
contact angle was observed upon increasing wt % of POSS compound 3.6.  However, 
hexadecane repellency was improved from 31° of unblended 6F-BP PFCB aryl ether 
polymer to 55° of the blended polymer with only 10 wt % 3.6.   
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Figure 3.32.  Water and hexadecane contact angles of POSS compound 3.6 blended into 
6F-BP PFCB aryl ether polymer. 
 
 
 
Attempted Synthesis of Extended Fluorinated POSS Triols 
 
The trisodium salt (3.1) is moisture sensitive and was shown to produce 
uncharacterizable resinous siloxane by 29Si NMR after prolonged exposure to open air.  
The degradation pathway is unclear; however, it is anticipated that a silanol form 
(Si−OH) of 3.1 would be more stable since many POSS triols are known to exist.161  
Attempts to protonate 3.1 using dilute amounts of glacial acetic acid (CH3COOH), 
phosphoric acid (H3PO4), hydrochloric acid (HCl, 2 M in diethyl ether), and saturated 
aqueous ammonium chloride (NH4Cl) produced resinous material by 29Si NMR (Scheme 
3.4). 
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Scheme 3.4.  Attempted synthesis of POSS triol 3.10 by protonation of 3.1 using dilute 
organic and mineral acids. 
 
 
 
The instability of Si−O−Na may be negated by preparing more stabilized 
silanolate salts such as Si−O−Li.  All attempts, by no means conclusive, failed to produce 
the desired trisilanol 3.10 using LiOH followed by sequential work-up with CH3COOH 
by emulating well-established procedures (Scheme 3.5). 
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Scheme 3.5.  Attempted synthesis of triols via condensation of 3,3,3-trifluropropy-
ltrimethoxysilane using LiOH followed by acetic acid work-up. 
 
 
The previous corner-capping methodology is limited to hepta(3,3,3-
trifluoropropyl)tricycloheptasiloxane trisodium silanolate 3.1.  Interest in preparing 
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extended fluoroalkyl substituted salts would be of interest for preparing new fluorinated 
POSS architectures and also for functionalized fluorinated monolayers for a myriad of 
surface applications.  The patent literature has reported the preparation the salt where R = 
CH2CH2(CF2)5CF3 employing the same preparation for 3.1 using tridecafluoro-1,1,2,2,-
tetrahydrooctyltriethoxysilane (Scheme 3.6).262  The characterization of this material and 
also 3.1 is typically performed by corner capping with methyltrichlorosilane (MeSiCl3) or 
edge substituting with three equivalents trimethylchlorosilane (Me3SiCl).  This product is 
air and moisture stable which can then be subjected to standard characterization 
techniques. Attempts to reproduce this and other substitutions of R using the 
corresponding fluoroalkyltrimethoxysilanes failed to produce the desired compounds.  In 
all cases show in Scheme 3.6, corner capping the prepared sodium salts with MeSiCl3 
produced resinous siloxane by 29Si NMR.  
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Scheme 3.6.  Attempted synthesis of trisodiumsilanolate via condensation of fluorinated 
trimethoxysilanes. 
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Conclusion 
A new class of functionalized POSS compounds was synthesized that possess a 
fluorinated shell of fluoroalkyl appendages around the core POSS scaffold.  The products 
were prepared from commercially available materials and they are amenable to a 
hundred-gram scale.  By utilizing the ability to functionalize POSS templates, the 
formulation of such fluorine-derived siloxanes demonstrated a high degree of hydro- and 
oleophobicity.  These thermally robust POSS materials can be potentially used as low 
surface energy compatibilizers for solvent, melt, or mechanical blending into polymer 
systems.  Using these fluoroalkyl POSS compounds as modifiers could yield water and 
oil repellant composites with enhanced physiochemical properties. 
Solvent blending fluorinated POSS in PFCB aryl ether polymers demonstrated 
good compatibility.  At low fluorinated POSS loadings, optically transparent, free-
standing films were prepared by spin casting.  Characterizations of the films by several 
methods revealed the fluorinated POSS is intimately bound within the semifluorinated 
PFCB aryl ether polymer matrix. Significant increases in the hydro- and oleophobicity of 
PFCB aryl ether polymers was observed with minimal fluorinated POSS loadings which 
increase fluorine content and surface roughness on the nanometer scale.  
Several considerations should be made regarding the preparation of fluorinated 
POSS PFCB aryl ether polymer blends.  Initial studies reveal the enhancement of water 
and hexadecane repellency by stationary contact angle analysis using goniometry.  Future 
work should entail a more in-depth understanding of the surface hysteresis of the blended 
films.  These investigations would also include obtaining advancing and receding contact 
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angles on several test fluids other than water and hexadecane.  This will ultimately enable 
the determination of critical surface free energy that is affected by the fluorine content 
and surface roughness.  Other investigations should include preparing patterning films or 
preparing nonwoven mats by electrospinning in order to prepare surface textures with 
micrometer-sized features.  Such a study would enable the preparation of two-tier 
roughness (micro- and nanometer) that resemble the features observed by the lotus leaf.  
The suppression of surface migration and increased POSS loading could be 
achieved by incorporating these structures covalently in the PFCB aryl ether polymer 
backbone.  Chapter 4 will demonstrate the covalent attachment of POSS to PFCB aryl 
ether polymers; their synthesis, characterization, and properties will be discussed.  
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CHAPTER 4 
POLYHEDRAL OLIGOMERIC SILSESQUIOXANE 
PERFLUOROCYCLOBUTYL ARYL ETHER COPOLYMERS 
 
Strategy for Designing POSS PFCB Aryl Ether Copolymers 
As shown in Chapter 1, perfluorocyclobutyl (PFCB) aryl ether polymers are an emerging 
class of next-generation processable, amorphous semifluorinated polymers.  They are 
prepared by the condensate-free and radical mediated [2 + 2] thermal cyclodimerization 
of aryl trifluorovinyl ether (TFVE) monomers to produce stereorandom PFCB aryl ether 
polymers.  To summarize the main points from Chapter 2, polyhedral oligomeric 
silsesquioxanes (POSS) are thermally robust, discreetly nanometer-sized building blocks 
used for the development of high performance materials for the aerospace industry as 
well as for commercial markets.  Numerous examples showed that POSS can be either 
blended or covalently linked into a polymer.  These materials produce hybrid “ceramic-
like” composites that improve bulk properties, including glass transition temperature, 
mechanical strength, thermal and chemical resistance, and ease of processing.  
Several groups have reported the functionalization of PFCB aryl ether polymers 
with siloxanes, including POSS.  For example, it was shown that the thermal 
polymerization of the aryl TFVE functionalized octa(aminophenyl)silsesquioxane 
(OAPS) with PFCB aryl ether oligomers has produced crosslinked materials possessing 
excellent thermal stability, while retaining the optical integrity of the semifluorinated 
polymer.153  PFCB aryl ether polymer thermoplastics and thermosets possessing siloxane 
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linkages have also been prepared for high temperature fluorosilicone applications.27,28  
Crosslinkable silane modified PFCB aryl ether polymers have been used as thermosets in 
the lithographic patterning of electrodes for a gate dielectric in organic thin film 
transistors (OTFTs).29   
In this work, the preparation of PFCB aryl ether copolymers covalently bound to 
pendant POSS cages is discussed.  Copolymers with covalently bound POSS cages can 
take on several architectures.  This chapter describes how PFCB aryl ether copolymers 
were functionalized into two discriminating systems (Scheme 4.1).  The first design 
entails appending POSS cages on the chain ends of PFCB aryl ether polymer.  The POSS 
aryl TFVE monomer used behaves as a chain terminator, producing “dumbbell” or “tad 
pole” polymer structures.  Finally, the last polymer structure covalently links POSS cages 
as pendants in the PFCB aryl ether polymer backbone.  This random pendant copolymer 
arrangement was achieved using difunctional aryl TFVE POSS monomers.      A portion 
of the results in this chapter have been previously reported.36,154,263 
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Scheme 4.1.  Design of aryl TFVE POSS monomers for the preparation of chain 
terminated (top row) or pendant (bottom row) POSS PFCB aryl ether copolymers. 
 
 
 
Chain Terminated POSS PFCB Aryl Ether Copolymers 
Monomer Synthesis 
POSS-functionalized aryl TFVE monomers 4.1c and 4.2c were prepared from 
commercially available functionalized POSS triols 4.1 and 4.2 (Scheme 4.2).  Monomer 
4.3c was synthesized from the trisodium silanolate 4.3 by following a similar strategy 
employed by Fukuda.183  Initial corner-capping via the condensation of POSS triols 4.1–
4.3 with acetoxyethyltrichlorosilane afforded the POSS T8 cages 4.1a–4.3a.  POSS 
alcohols 4.1b–4.3b were prepared in nearly quantitative yield by deprotection of the 
POSS esters 4.1a–4.3a under mild acidic conditions.  Dicyclohexyldicarbimide (DCC) 
coupling 4.1b−4.3b with 4-(trifluorovinyloxy)benzoic acid produced the desired POSS 
functionalized aryl TFVE monomers 4.1c–4.3c.   
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The overall four-step monomer synthesis produced agreeable yields of 40−76% 
for 4.1c–4.3c.  Characterization and purity of the POSS functionalized aryl TFVE 
monomers was confirmed by NMR (1H, 13C, 19F, and 29Si), GPC, IR, and elemental 
analysis (C, H, and F).  A representative 29Si NMR of POSS aryl TFVE monomer 4.1c is 
shown in Figure 4.1.  All the monomers showed similar patterns due to C3v symmetry 
resulting in nonequivalent Si peak shifts at −65.9, −68.0, and −69.1 ppm with a peak 
intensity ratio based on integration of 4:3:1.  
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Scheme 4.2. Synthesis of POSS functionalized aryl TFVE monomers. 
 
 
 
Sharp melting points at 75−77 °C were observed for monomers 4.2c and 4.3c; 
however, the cyclopentyl POSS-functionalized aryl TFVE monomer 4.1c showed no 
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measurable melting < 200 °C.  All monomers are soluble in common polar and nonpolar 
organic solvents (hexanes, THF, CHCl3, acetone, and DMSO). 
 
 
 
Figure 4.1.  29Si NMR (60 MHz, inverse gate proton decoupled) in CDCl3 of POSS aryl 
TFVE monomer 4.1c. 
 
 
Other Attempted Monomer Synthesis 
Corner capping the trisodium silanolate POSS (4.3) with aryl TFVE trichlorosilane was 
the first attempt for preparing aryl TFVE POSS monomers, specifically 4.4 (Scheme 4.3).  
This route was intuitively conceived a one step transformation to 4.4 in contrast to the 
four steps employed for preparing aryl TFVE monomers 4.1c−4.3c.   
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Scheme 4.3.  Attempted corner capping 4.3 with aryl TFVE trichlorosilane.  
 
 
 
Following well-established procedures outlined for preparing analogous aryl 
TFVE cholorsilanes,264 the preparation of pure aryl TFVE trichlorosilane proved difficult.  
The best result of preparing aryl TFVE trichlorosilane was performed by employing 
halogen−lithium exchange using 4-bromo(trifluorovinyloxy)benzene and tert-butyl 
lithium (t-BuLi) in diethyl ether at −78 °C (Scheme 4.4).  The lithiated aryl TFVE 
intermediate was then added drop wise via cannula into a dilute solution of 
tetrachlorosilane (SiCl4).   
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Scheme 4.4.  Synthesis of aryl TFVE trichlorosilane from 4-
bromo(trifluorovinyloxyl)benzene. 
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An aliquot was analyzed from this reaction using 29Si NMR and showed good 
conversion to mostly to the desired monosubstituted aryl TFVE trichlorosilane at 6.5 ppm 
(Figure 4.2).  However, additional disubstituted aryl TFVE dichlorosilane (1.8 ppm) was 
also formed in 8% conversion (by NMR peak integration).  Based on 29Si NMR, all of the 
SiCl4 was consumed; the overall efficiency of this reaction proved fruitful.  However, 
purification of the aryl TFVE trichlorosilane by vacuum transfer distillation (10−40 
mmHg, 60−100 °C) produced low yields of the desired product (< 15%), but accelerated 
dimerization to the resulting PFCB aryl ether species at 80−100 °C under vacuum.  An 
alternative method employed the “as prepared” crude aryl TFVE trichlorosilane at −78 °C 
from the halogen−metal exchange followed by sequential corner capping of 4.3 produced 
the desired product (4.4), albeit with a significant formation of resinous siloxane.  Corner 
capping of trisodium silanolate POSS (4.3), in general, is a fickle reaction which requires 
very pure substituted trichlorosilanes, otherwise resinous material is produced due to 
incomplete condensation followed by hydrolysis during aqueous work up.  Therefore, 
aryl TFVE POSS monomer 4.4 was not prepared with any reasonable degree of purity 
due to these reasons.  
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Figure 4.2.  29Si NMR in C6D6 from the aryl TFVE trichlorosilane resulting in 12:1 
mono- to disubstituted product. 
 
 
 
Polymer Synthesis and Characterization 
Copolymerizations with POSS functionalized aryl TFVE monomers 4.1c–4.3c with 
commercial bisfunctionalized aryl TFVE monomer 4,4'-bis(4-trifluorovinyloxy)biphenyl 
(4.5) were performed in bulk at 180 °C for 48−96 h in vacuum-sealed ampoules (Scheme 
4.5).  Selected polymer properties are shown in Table 4.1.  Copolymerization of 4.3c with 
commercial 2,2-bis(4-trifluorovinyloxybiphenyl)-1,1,1,3,3,3-hexafluoropropane (4.6) 
required extended heating at 180 °C for 96 h due to the established lower 
cyclodimerization rate for deactivated aryl TFVE monomers.26  Polymers were purified 
by dissolving material in a minimal amount of THF, precipitated in MeOH, followed by 
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filtration to afford fibrous yellow-white solid.  In all cases, nearly quantitative recovery 
by weight was observed for the purified polymers.  Copolymer POSS incorporation was 
confirmed by 1H NMR analysis and agreed with calculated weight percents (Table 4.1).   
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Scheme 4.5.  Copolymerization of POSS aryl TFVE monomers 4.1c–4.3c with 
bisfunctionalized aryl TFVE monomers 4.5 and 4.6. 
 
 
19F NMR was a diagnostic tool used to observe the conversion of aryl TFVE 
monomers to PFCB aryl ether polymers.  The conversion of POSS-functionalized aryl 
TFVE monomer 4.3c to copolymer 4.3c-co-4.6 by 19F NMR is shown in Figure 4.3.  The 
diagnostic trifluorovinyl AMX pattern at –118.5 ppm (FA), –125.4 ppm (FM), and –134.5 
ppm (FX) converts to the stereorandom perfluorocyclobutyl-F6 multiplet at −127.2 to 
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−132.8 ppm.  Using either 1H or 19F NMR analysis, it was difficult to determine if POSS 
end groups were present on one or both ends of the linear polymer, albeit no terminal aryl 
TFVE end groups were observed. 
     
 
Figure 4.3.  19F NMR in CDCl3 overlay of aryl TFVE functionalized POSS 3c (top) and 
20 wt % POSS copolymer 4.3c-co-4.6 (bottom). 
 
 
  
 The results of copolymerization observed by 1H NMR of POSS aryl TFVE 
monomers 4.1c−4.3c with aryl TFVE monomers 4.5 or 4.6 revealed the POSS cages and 
their functional groups were still intact under the thermal conditions at 180 °C.  This was 
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shown in Figure 4.4 which demonstrated the POSS aryl TFVE monomer 4.2c ethane 
spacer with shifts (ppm) at 4.45 and 1.24 (t, −CH2−) and iso-butyl groups at 1.85−1.82 
(m, −CH−), 0.97−0.93 (m, −(CH3)2), and 0.59 (t, −CH2−) remained intact. 
 
 
 
Figure 4.4.  1H NMR in CDCl3 of POSS aryl TFVE monomer 4.2c (top) and the 
corresponding PFCB aryl ether copolymer 4.2c-co-4.5 with 20 wt % POSS (bottom). 
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The cyclopentyl and iso-butyl endcapped POSS functionalized copolymers 4.1c-
co-4.5 and 4.2c-co-4.5 showed significantly lower Mn values compared to homopolymer 
poly4.5 (Table 4.1).  This is possibly due to the high melting point (> 200 °C) of 
monomer 4.1c and its poor solubility in monomer 4.5 melt at bulk polymerization 
temperature of 180 °C.  Similarly, the iso-butyl terminated POSS copolymer 4.2c-co-4.5 
showed a factor of two lower Mn compared with homopolymer poly4.5 possibly due to 
increasing copolymer insolubility in the melt, yet still produced good film forming 
properties.  GPC analysis illustrates the conversion of POSS functionalized aryl TFVE 
monomer 4.2c to a monomodal distribution of 4.2c-co-4.5 as shown in Figure 4.5.  GPC 
traces of all crude (unprecipitated) copolymers showed no evidence of unreacted aryl 
TFVE POSS functionalized monomer.  Clearly, from copolymers 4.1c-co-4.5 and 4.2c-
co-4.5, aryl TFVE POSS monomers behave as chain terminators and they lower the Mn 
compared with homopolymer poly4.5.  On the other hand, the trifluoropropyl POSS 
copolymers 4.3c-co-4.5 and 4.3c-co-4.5 produced similar Mn compared with poly4.5 and 
poly4.6, respectively.   
In all cases, the relative GPC Mn appears to increase slightly within the copolymer 
series with increasing POSS monomer weight percent.  This may be due to the increasing 
hydrodynamic volume due to bulky POSS cages appended to both single polymer chain 
ends.  It should also be noted that solubility between biphenyl monomer 4.5 and 
fluorinated POSS monomer 4.3c is dramatically increased over nonfluorinated POSS 
monomers.  Therefore, the increase in relative GPC Mn for the 4.3c copolymer series 
could be attributed to both hydrodynamic volume increases as well as enhanced 
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polymerization rate due to solubility.  While most polydispersities were nearly the same 
for all copolymers compared with their respective homopolymers, copolymer 4.3c-co-4.5 
showed the highest polydispersity and broadened with increased POSS content as 
expected from the increased conversion and higher molecular weight.   
 
Mn = 1,100 
Mw/Mn = 1.0 
Mn = 12,600 
Mw/Mn = 2.3 
 
Figure 4.5.  Gel permeation chromatogram in CHCl3 of aryl TFVE POSS monomer 4.2c 
(left) and copolymer 4.2c-co-4.5 with 20 wt % POSS (right).   
 
 
Thermal Properties  
Table 4.1 shows the differential scanning calorimetry (DSC) analysis of homopolymers 
and copolymers functionalized with POSS.  Glass transition temperatures (Tg) for 
amorphous, semifluorinated PFCB aryl ether homopolymers poly4.5 and poly4.6 were 
140 °C and 97 °C, respectively.  These values agree with previously reported work.58  
Increasing POSS content lowered Tg’s in all copolymers and, for example, a 28% 
decrease in Tg was observed for 4.2c-co-4.5 with 20 wt % POSS compared with 
homopolymer poly4.5 (Figure 4.6).  Although, this observation may be attributed to low 
number-average molecular weight (particularly with 4.1c-co-4.5 and 4.2c-co-4.5), 
incorporation of POSS does significantly affect Tg since a PFCB aryl ether homopolymer 
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of poly4.5 prepared with a comparable number-average molecular weight (Mn of 13,300) 
gave a similar Tg of 139 °C.  On the other hand, compatibility was observed using 
fluorinated POSS monomers in copolymer system 4.3c-co-4.5 with 10 wt % POSS and 
4.3c-co-4.6 with 20 wt % POSS resulting in little deviation of Tg.  
 
Table 4.1.  Selected properties of chain-terminated polymers. 
polymer wt % POSS 
calcd 
mol % 
POSS 
found 
mol % 
POSSa
Mn × 10−3 
GPCb  Mw/Mn Tg (°C)
c
poly4.5   0 0.0 -- 25.0 2.1 140 
4.1c-co-4.5 10 3.7 2.0   5.7d 2.0 122 
4.1c-co-4.5 20 7.9 6.5   6.4d 2.2 119 
4.2c-co-4.5 10 4.0 2.3 10.3 1.8 124 
4.2c-co-4.5 20 8.5 8.0 12.6 2.3 109 
4.3c-co-4.5 10 3.2 1.7 22.2 3.0 138 
4.3c-co-4.5 20 6.9 3.6 28.8 4.3 131 
poly4.6   0 0.0 -- 11.2 2.1 97 
4.3c-co-4.6 20 8.5 4.4   8.8 1.6 100 
a Measured by 1H NMR using integration ratio of aryl to POSS alkyl 
peaks.  b GPC in CHCl3 using polystyrene as standard.  c DSC (10 °C/min) 
in nitrogen determined by third reheating cycle.  d Average of two 
polymerizations.   
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Figure 4.6.  DSC traces of homopolymer poly4.5 and copolymer 4.2c-co-4.5 with 10 and 
20 wt % POSS. 
 
 
 
Degradation Analysis 
Copolymer thermal stability was studied in nitrogen and air using thermal gravimetric 
analysis (TGA) as shown in Table 4.2.  Homopolymers poly4.5 and poly4.6 exhibit a 
high degree of thermal stability with recorded thermal decomposition temperatures (Td) 
of 450 °C and 466 °C in nitrogen and 446 °C and 457 °C in air, respectively.  For all 
copolymers studied, two onsets of degradation were observed in nitrogen and air.  Figure 
4.7 illustrates the step wise decomposition of POSS PFCB aryl ether copolymer 4.1c-co-
4.5 in comparison with the homopolymer poly4.5.  TGA showed the onset of degradation 
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in nitrogen and air results in a weight loss proportional to the weight percent of POSS 
content in the copolymers.   
The comparison of GC–MS pyrolysis analysis of monomer 4.1c with 4.1c-co-4.5 
revealed evidence of similar POSS cage decomposition to siloxane fragments.  This 
fragmentation pattern shows [M]+ with m/z (% relative intensity): 284 (53), 249 (12), 214 
(7), 142 (15), 107 (8), 71 (5).  Molecular weights of 284, 214, and 142 primarily allude to 
siloxane fragments of [(CySiO)2SiCH2CH2]+, [CySiO3]+, and [CH2CH2SiO3]+, 
respectively.  The main components of GC analysis for 4.1c-co-4.5 produced phenolic 
species as a result of expulsion of the hexafluorocyclobutene from the PFCB aryl ether 
ring.   This has been previously shown by Babb based on the thermal degradation of 
PFCB aryl ether polymers.53  TGA analysis showed a significant increase in final 
decomposition temperature (Td > 500 °C) of copolymers 4.1c-co-4.5 with 20 wt % POSS 
(in nitrogen) and 4.2c-co-4.5 with 10 and 20 wt % POSS (in nitrogen and air) relative to 
the PFCB aryl ether homopolymer poly4.5.  In most other cases, a modest increase in 
final Td was observed for copolymers containing POSS.  POSS has been shown to 
improve polymer thermal stability162,265 possibly by a self-passivating mechanism 
ultimately creating layer silicon oxide.266  Char yields were in the range of 11−54% in 
nitrogen at 600 °C for all copolymers studied using TGA analysis; no char was observed 
by measurements performed in air at that temperature.   
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 Table 4.2.  Summary of thermal decomposition of copolymers.
                   in N2 in air 
polymer wt % POSS Td (°C)
a
 
initial 
weight   
loss (%) 
char (%) Td (°C) a  
initial  
weight     
loss (%) 
poly4.5   0  450      -- 45 446    -- 
4.1c-co-4.5 10 322, 464    6.3 41 330, 489  3.0 
4.1c-co-4.5 20 316, 518  14.6 37 355, 479  7.0 
4.2c-co-4.5 10 304, 461    6.8 40 306, 563  5.9 
4.2c-co-4.5 20 307, 521  14.2 54 297, 558 12.1 
4.3c-co-4.5 10 325, 450 10.0 30 300, 450 10.0 
4.3c-co-4.5 20 319, 467  15.0 32 310, 460 12.6 
poly4.6   0  466     -- 25 457     -- 
4.3c-co-4.6 20 318, 474  12.2 20 310, 460 12.0 
 a TGA onset at 10 °C/min of chain extended polymers. 
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 Figure 4.7.  TGA comparison of homopolymer poly4.5 and 20 wt % POSS copolymer 
4.2c-co-4.5. 
 
 
Surface Analysis of Copolymers 
Films of the copolymers were prepared by spin casting using a minimal amount of THF 
(approximately 80 wt % solids) producing 3−5 µm thick films.  The films produced were 
transparent and flexible.  Initial surface characterization using SEM showed no 
micrometer-sized POSS aggregates; however, the use of TEM revealed the presence of 
50−150 nm POSS clusters confirmed by energy dispersive X-ray spectroscopy (EDS) 
(Figure 4.8).  These POSS clusters were observed on various areas on the TEM grid and 
best represent that of the entire sample.  
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Figure 4.8.  TEM images of 4.2c-co-4.5 with 20 wt % POSS illustrating POSS 
aggregates as darkened areas. 
 
Conclusion 
New PFCB aryl ether polymers endcapped with POSS has been prepared through the 
facile functionalization of commercial POSS triols and commercial aryl TFVE 
intermediates.  The copolymers exhibited moderate to high molecular weight, lower Tg’s, 
and gave transparent creasable spin cast films with excellent solvent processability.  In 
some cases, the copolymers functionalized with POSS produced a higher degree of 
stability in nitrogen and air.  This new class of POSS functionalized PFCB aryl ether 
polymers are anticipated for use as a versatile material in a multitude of high performance 
fluoropolymer applications possessing processability and high thermal resistance.   
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Pendant POSS PFCB Aryl Ether Copolymers 
Monomer Synthesis   
Bisfunctionalized aryl TFVE POSS functionalized monomers 4.10a (R = C5H9) and 
4.10b (R = CH2CH(CH3)2) were prepared by condensation of commercial monosilanol 
alkyl-POSS 4.9a and 4.9b with aryl TFVE functionalized chlorosilane (4.8) (Scheme 
4.6).  Silane (4.8) was prepared by a halogen–metal exchange with commercial 4-
bromo(trifluorovinyloxy)benzene (4.7a).17  The aryl bromide of 4.7a was initially 
metallated with an equivalent of tert-butyl lithium (t-BuLi) in a solution of diethyl ether 
at −79 °C and produced quantitative conversion of the lithiated aryl trifluorovinyl ether 
intermediate (4.7b).  (Caution!  When warmed above −20 °C, the aryl lithium 
intermediate 4.7b primarily adds to the aryl trifluorovinyl ether and results in highly 
exothermic expulsion of LiF to reform fluoroolefin species.)  The lithiated intermediate 
was then reacted in situ with one-half equivalent of trichloromethylsilane affording 4.8.  
Purification of POSS aryl TFVE monomers 4.10a and 4.10b was achieved by column 
chromatography with isolated yields of 29% and 28%, respectively.   
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Scheme 4.6.  Preparation of POSS aryl TFVE monomers (4.10a and 4.10b). 
 
 
 
Monomers 4.10a and 4.10b structures were elucidated by 1H, 19F, 13C, and 29Si 
NMR and purity was confirmed by elemental combustion analysis (see Chapter 10).  As 
an example, Figure 4.9 shows a representative 29Si NMR of POSS TFVE monomer 4.10b 
in CDCl3.  Symmetry arrangement of the nonequivalent silicon atoms exhibited four 
resonance peaks with ratios 1:3:4:1.  The bridgehead M silicon atom with adjoining diaryl 
trifluorovinyl ether moieties is shifted furthest upfield (from 0 ppm) −9.6 ppm.  The Q 
silicon in the POSS cage is shifted at −109.9 ppm.  The remaining regions pertain to the 
apex T silicon atoms of the POSS cage and shift −66.3 ppm and −67.2 ppm. 
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Figure 4.9.  29Si NMR (60 MHz, inverse gate proton decoupled) in CDCl3 of POSS aryl 
TFVE monomer 4.10b. 
 
 
Other Attempted Monomer Synthesis 
  
Other routes for the synthesis of difunctional POSS aryl TFVE monomers were attempted 
in order to avert the arduous and low yielding preparation of aryl TFVE chlorosilane 4.8 
that is used to synthesize monomers 4.10a and 4.10b.  POSS exo-difluorides are 
commercially available compounds and have been functionalized using halogen−metal 
exchange coupling.163  The attempt seemed feasible using the aryl TFVE intermediate, 4-
bromo(trifluorovinyloxy)benzene, to lithiate the corresponding POSS compound 4.11 
(Scheme 4.7).  Analysis by 19F NMR revealed major monosubstitution (84%) when 
reacted with aryl TFVE at −20 °C, produced minor amounts of the desired disubstituted 
product (10%).  In the reported procedure, halogen−metal exchange proceeded at room 
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temperature; however, this could not be achieved using the lithiated aryl TFVE which 
decomposes when warmed above −20 °C.  
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Scheme 4.7.  Attempted substitution of the 4.11 by halogen−metal exchange with the 
lithiated aryl TFVE intermediate, producing mono- and disubstituted monomers. 
 
 
 A final attempt to prepare difunctional aryl TFVE POSS monomers entailed the 
condensation of acetoxyethyldimethylchlorosilane with POSS endo-diol 4.12 which is 
also commercially available.  The proposed sequence for the preparation of 4.15 shown 
in Scheme 4.8 is similar to the methodology used for the preparation of aryl POSS TFVE 
monomers 4.1c−4.3c.  The first step proceeded with 96% isolated yield of 4.13.  
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However, mild deprotection of 4.13 using H2SO4 in methanol failed to produce 4.14 with 
the primary alcohol.  29Si NMR revealed decomposition affording ill-defined open cage 
structures indicative of resinous siloxane.  It appeared POSS intermediate 4.13 is 
susceptible to acid-promoted cage opening, even with dilute concentrations of acid (0.05 
M H2SO4).  
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Scheme 4.8.  Attempted synthesis of difunctional aryl TFVE POSS monomer 4.15 from 
POSS endo-diol 4.12.  
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Polymer Synthesis and Characterization 
The melting point of the cyclopentyl POSS functionalized monomer 4.10a showed a 
significantly higher melting point of 230 °C compared with the iso-butyl POSS monomer 
4.10b with melting range of 61−63 °C.  The aryl TFVE moieties are typically thermally 
polymerized at 150−180 °C.  The introduction of rigid cyclopentyl groups appended to 
the POSS cages of 4.10a suppresses monomer melting; however, the monomer still 
underwent thermal cyclodimerization in the bulk solid state forming PFCB aryl ether 
homopolymer poly4.10a after heating for 48 h at 180 °C. 
Copolymers (4.10a-co-4.5 and 4.10b-co-4.5) were prepared from the respective 
monomers by bulk polymerization at 180 °C producing POSS PFCB aryl ether 
copolymers (Scheme 4.9).  The advantage of bulk polymerization is realized since 
monomer 4.5 has a reported melting point at 44−46 °C2b and essentially serves as the 
solvent.  In particular, monomer 4.5 easily dissolved the high melting (230 °C) 
cyclopentyl functionalized POSS aryl TFVE monomer 4.10a.  POSS PFCB aryl 
homopolymers were also prepared by thermal polymerization with monomers 4.10a and 
4.10b, producing poly4.10a and poly4.10b, respectively, with an average of five POSS 
molecules in each chain segment (n = 5).  POSS homopolymer poly4b was used to 
prepare block copolymer (4.10b-b-4.5) by thermal polymerization with monomer 4.5.  
The preparation of a multi-block copolymer using poly4.10a and monomer 4.5—by 
oligomerization of 4.10a followed by copolymerization with monomer 4.5—produced 
insoluble material that was difficult to characterize.  DSC, TGA, and GPC analysis were 
performed on all polymers and their selected properties are shown in Table 4.3.     
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Scheme 4.9.  Preparation of POSS PFCB aryl ether copolymers and block copolymers. 
 
 
 
GPC analysis revealed copolymers possessed similar number-average molecular 
weights (Mn’s) with higher polydispersity indices (Mw/Mn) compared to the PFCB aryl 
ether homopolymer (poly5) at the same bulk, step-growth thermal polymerization 
conditions.  In all copolymers prepared, the highest achievable POSS loading was 20 wt 
%; loadings higher than this produced phase separated, insoluble gels.  Copolymer 4a-co-
5 functionalized with 20 wt % POSS showed the highest polydispersity of 5.2.  This may 
be likely due to the decreasing mobility of growing POSS PFCB aryl ether polymer 
chains causing a higher incidence of chain length fractionation.  Since PFCB aryl ether 
thermal polymerizations are dependant on the rate of diffusion of aryl TFVEs, molecular 
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weights are limited by melt viscosity.    No POSS PFCB aryl ether macrocycles were 
observed via the intramolecular cyclodimerization of monomers (4a or 4b) based on GPC 
analysis.   
 
 
Table 4.3.  Selected properties of pendant polymers. 
 
 
 
 
 
 
 
 
 
 
 
a Percent of POSS monomer 4.10a or 4.10b. b GPC in CHCl3 using 
polystyrene as standard. c DSC (10 °C min−1) in nitrogen determined by third 
heating cycle.  d TGA onset (10 °C min−1) of chain extended polymers in 
nitrogen and air. 
Polymer wt % (mol %) POSSa
Mn × 10−3 
GPCb Mw/Mn Tg (°C)
c Td  (°C)d  
N2 (air) 
4.10a-co-4.5   20 (7.1) 21.5 5.2 134 447 (439) 
4.10b-co-4.5   10 (3.3) 24.9 1.4 133 452 (442) 
4.10b-co-4.5   20 (6.6) 20.5 3.2 127 440 (438) 
poly4.10a 100   6.6 3.5 131 -- 
poly4.10b 100   6.3 2.5 138 -- 
4.10b-b-4.5   10 (3.4) 21.9 3.4 149 450 (445) 
4.10b-b-4.5   20 (6.7) 19.5 4.5 142 462 (444) 
poly4.5     0 25.0 2.1 141 450 (446) 
 
 
Polymer conversions were monitored using 19F NMR and GPC analysis (Figure 
4.10).  19F NMR of copolymer 4.10b-co-4.5 with 20 wt % POSS exhibited the expected 
multiplet −130.0 to −135.5 ppm of the PFCB aryl ether ring from the thermal 
cyclodimerization with no evidence of residual aryl TFVE peaks of monomer 4.10a or 
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4.5.  These are typically represented by an AMX pattern at −119.5 ppm (FA), −126.4 ppm 
(FM), and −133.8 ppm (FX).   
 
 
 
Figure 4.10.  19F NMR spectrum in CDCl3 showing the conversion of POSS monomer 
4.10b (top) to 20 wt % POSS PFCB aryl ether copolymer 4.10b-co-4.5 (bottom). 
 
 
The results of copolymerization were observed by 1H NMR and showed the POSS 
cages and their functional groups were still intact under the thermal conditions at 180 °C.  
For example, Figure 4.11 demonstrated the POSS aryl TFVE monomer 4.10b iso-butyl 
groups with shifts (ppm) at 1.94−1.78 (m, −CH−), 1.16−0.95 (m, −(CH3)2) and 0.79−0.60 
(overlapping m, −CH2− and −CH3).  It is also important to note the bridgehead methyl 
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group Si−CH3 also remains intact in the copolymer and is buried in the peak multiplets at 
0.79−0.60 ppm. 
 
 
 
Figure 4.11.  1H NMR spectrum in CDCl3 showing the conversion of POSS monomer 
4.10b (top) to 20 wt % POSS PFCB aryl ether copolymer 4.10b-co-4.5 (bottom). 
  
 
 
 Figure 4.12 shows the ATR−FTIR spectrum of 10 wt % POSS PFCB aryl ether 
copolymer 4.10b-co-4.5.  ATR−FTIR analysis conclusively shows the conversion to 
PFCB aryl ether polymer because of the very strong signal at 962 cm−1 due to the 
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breathing mode of the hexafluorobutane ring.  Evidence of POSS inclusion in the matrix 
is shown by the Si−O−Si and Si−C stretching bands over the range of 1100−1490 cm−1.  
The main chain aryl rings show bands at 2930, 1510, and 825 cm−1.   
 
Figure 4.12.  ATR−FTIR spectrum of 10 wt % POSS PFCB aryl ether copolymer 4.10b-
co-4.5.  
 
 
 
Thermal Properties 
DSC analysis revealed a plasticizing effect demonstrated by lowered glass transition 
temperature (Tg) upon increased weight percent incorporation of POSS as expected and 
previously reported.  The decrease was most notable for copolymers 4.10b-co-4.5 
possessing POSS iso-butyl groups and further decreased with higher POSS loadings.  As 
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shown in Figure 4.13, a 14 °C decrease in Tg with POSS loading of 20 wt % in 
copolymer 4.10b-co-4.5 compared with poly4.5.  On the other hand, the rigid nature 
cyclopentyl-functionalized copolymer 4.10a-co-4.5 demonstrated a slight decrease in Tg 
with 20 wt % POSS loading.  The block copolymers of 4.10b-b-4.5 showed an initial 8 
°C increase in Tg for 10 wt % POSS which then decreased upon 20 wt % POSS 
incorporation.  The resulting drop in Tg from the incorporation of 20 wt % POSS may be 
due to the higher fraction of lower molecular weight chains observed by increased 
polydispersity.   
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Figure 4.13.  Third heating DSC scans in nitrogen (10 °C/min) overlay (ascending top to 
bottom) of PFCB aryl ether homopolymer (poly4.5) compared with 10 and 20 wt % 
POSS PFCB aryl ether copolymer 4.10b-co-4.5. 
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The thermal decomposition temperature (Td) of the dried polymers was recorded 
using TGA in air and nitrogen (Table 4.3).  Their Td was determined by initial mass loss 
at the onset temperature.  Overall, high molecular weight POSS PFCB aryl ether 
copolymers 4.10a-co-4.5 and 4.10b-co-4.5 showed little deviation at onset in nitrogen 
and air compared with PFCB aryl ether homopolymer poly4.5.  The decomposition 
temperatures for homopolymers poly4.10a and poly4.10b were not reported since they 
were only oligomerized to use as blocks in copolymerization and would not provide a 
reasonable comparison to the copolymers.  TGA analysis in air revealed the POSS PFCB 
aryl ether block copolymers 4.10a-b-4.5 produced the highest char yields at 1.5% and 
2.5% residual char for 10 and 20 wt % POSS incorporation, respectively (Figure 4.14).  
These results are consistent with TGA data for the chain terminated POSS PFCB aryl 
ether copolymers in the previous section and previous reports.213  In contrast, the PFCB 
aryl ether homopolymer poly4.5 showed no residual char as a result of any POSS 
inclusion.  The improvement of POSS on thermal stability, in this case, is inconclusive 
since the onset of degradation (Td) in nitrogen and air is essentially the same.  
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Figure 4.14.  TGA overlays of PFCB aryl ether homopolymer poly4.5 and block 
copolymers 4.10a-b-4.5 with 10 and 20 wt % POSS incorporation in nitrogen and air.  
 
 
Polymer Surface Properties 
Copolymers with up to 20 wt % iso-butyl functionalized POSS produced optically 
transparent, creasable films.  POSS loadings greater than 20 wt % produced polymers 
that were difficult to solution process.  All polymers prepared can be solution processed 
either as spin cast films (SCF) or drop cast films (DCF) using common organics solvents 
such as THF or cyclopentanone. 
The POSS PFCB aryl ether polymer films were studied using electron 
microscopy.  Scanning electron microscopy (SEM) showed no evidence of micron-sized 
POSS aggregation.  However, transmission electron microscopy (TEM) (Figure 4.15) 
revealed nanometer-sized POSS clusters with varying sizes ranging from 5−20 nm 
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examined on various areas of the film surface which were confirmed by energy 
dispersive X-ray spectroscopy (EDS) analysis.  The observation also shows the 
discreetly-sized POSS cage aggregates are well dispersed within the bulk PFCB aryl 
ether polymer.   
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Figure 4.15. TEM micrograph on Cu/Al grid (left) of 20 wt % POSS PFCB aryl ether 
copolymer 4.10b-co-4.5 exposing nanometer-sized POSS aggregates, shown as dark 
shapes.  EDS (right) results of the TEM cross hair confirming the enriched presence of 
silicon.   
 
 
 
The hydrophobicity of the copolymer films of 4.10b-co-4.5 were tested using 
water drop shape analysis and measured for the corresponding contact angle (θ) (Figure 
4.16).  Furthermore, a comparison of spin and drop cast films with measured water 
contact angle is shown in Figure 4.17.  The relationship of contact angle and surface 
energy is governed by the Young’s equation that relates interfacial tensions between the 
surface of the liquid and gas phase of water.232  Furthermore, it is well known that surface 
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roughness imparts increased hydrophobicity as demonstrated by Cassie and Baxter237 and 
Wenzel.236  
Compared with the homopolymer poly4.5, copolymer 4.10b-co-4.5 showed 
modest increases in water contact angle with increasing POSS content.  The highest 
increase in water repellency was 16% for 20 wt % POSS copolymer 4.10b-co-4.5 with an 
average contact angle of 104.7° (± 0.6°) compared with homopolymer poly4.5 that 
averaged 91.3°  (± 1.2°).  Furthermore, block copolymer 4.10b-b-4.5 showed no 
deviation in water contact angle within error compared with that of poly4.5.  Using 3D 
white light optical profilometry, the degree of surface roughness showed good correlation 
with increasing water contact angles.  As shown in Figure 4.19, images obtained from 
optical profilometry revealed significant surface roughening of the 20 wt % POSS PFCB 
aryl ether copolymer 4.10b-co-4.5 compared with homopolymer poly4.5 with an average 
surface roughness (RMS) of 4.2 nm and 0.4 nm, respectively.  The incorporation of 
POSS increased the surface roughness up to 12−19 times compared to that of the 
homopolymer films.  The average size of the surface protrusions were measured as the 
peak-to-valley ratio and were 38.0 nm for 4.10b-co-4.5 and 17.0 nm for poly4.5.   
 139
 
 
Figure 4.16. Water contact angle and surface roughness (RMS) measurements of spin 
cast homo- and copolymer and blend polymer films. 
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Figure 4.17.  Comparison of spin and drop cast films of homo- and copolymers, 
including a blend.  
 
 
As a further comparison, 20 wt % of fully-condensed octaisobutyl-POSS (i-Bu8T8 
POSS) was solvent blended (THF) with poly4.5 and spin cast as a film (denoted blend in 
Figure 4.17).  The resulting film’s water contact angle was 15% lower than compared 
with PFCB aryl homopolymer poly4.5 and produced a white opaque, phase separated 
film.  Therefore, compared with the POSS PFCB aryl ether copolymers, it is evident the 
covalently bound POSS demonstrated better compatibility over the POSS blended 
material.  A visual comparison of the blend and copolymers prepared as spin cast films is 
illustrated in Figure 4.18.   
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Figure 4.18.  Cartoon depiction of POSS blended or copolymerized with PFCB aryl ether 
copolymer (left).  The picture on the right shows a comparison of iso-butyl8T8 blended 
with poly4.5 (blend) and 20 wt % POSS PFCB aryl ether copolymer 4.10b-co-4.5 in a 
solution of THF and corresponding spin cast film.  The left inset of the blend produced 
phase separation producing an opaque film.  POSS compatibility is realized producing a 
transparent film (right inset) when it is covalently bound to the PFCB aryl ether matrix, in 
this case, a pendant copolymer.  
 
 
 
It was recently shown that POSS covalently bound into polyurethanes improves 
dewetting, due to the increase in the nanometer surface roughness as well as hydrophobic 
alkyl groups on the POSS structures.173  Furthermore, the existence of nanometer surface 
roughness has been shown to theoretically and experimentally contribute analogous 
hydrophobic behavior similar to that caused by the micrometer relief texture of the lotus 
leaf, albeit with less magnitude.239,254  
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Figure 4.19.  Optical and 3D surface projections of poly4.5 (a followed by c) and 
copolymer 4.10b-co-4.5 (b followed by d) obtained from white light optical profilometry.   
 
 
 
Our results are consistent with this observation in that the surface roughening due 
to the presence of hydrophobic, nanometer-sized POSS molecules attributes a modest 
increase in hydrophobicity.  The hydrophobicity can be further influenced by the 
substitution of the alkyl substituents on the POSS cages with fluorinated alkyl chains 
which has been demonstrated with 3,3,3-trifluoropropyl functionalized POSS endcapped 
poly(methylmethacrylates).183   
A visual, albeit exaggerated, depiction the POSS aggregates influencing the 
surface morphology is shown in Figure 4.20.  The POSS cages that have bloomed to the 
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surface expose alkyl groups that are ultimately the source of modest enhanced 
hydrophobicity. 
Hydrophobic 
Alkyl Groups
 
Figure 4.20.  Cartoon depiction of POSS PFCB aryl ether copolymer spin cast film 
exposing POSS cages that generate the molecular surface roughness and hydrophobic 
alkyl groups appended to the POSS cages (e.g., cyclopentyl, iso-butyl, or 3,3,3-
trifluoropropyl).  (Picture generated using Rhino 3.0 software, courtesy of S. Budy).  
 
 
 
Conclusion 
We have synthesized and characterized PFCB aryl ether copolymers and multi-block 
copolymers with pendant cyclobutyl- and iso-butyl-functionalized POSS cages.  The 
facile preparation of the corresponding POSS aryl TFVE monomers 4.10a and 4.10b was 
achieved utilizing the aryl TFVE lithium intermediate 4.7b followed by successive 
condensation with commercial monosilanolalkyl POSS.  These POSS PFCB aryl ether 
copolymers demonstrated excellent solution processability producing optically 
transparent, flexible films.  DSC analysis of Tg’s revealed a plasticizing effect upon 
incorporation of iso-butyl POSS as random PFCB aryl ether copolymers and block 
copolymers, whereas the cyclopentyl POSS PFCB aryl ether copolymers and showed 
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negligible changes.  Incorporation of POSS showed no change in thermal stability 
compared with the PFCB aryl ether homopolymer as demonstrated by TGA analysis.  
Furthermore, POSS incorporation into the PFCB aryl ether fluoropolymer produced 
unique surface features when cast a films showing increased surface roughness that 
ultimately improved hydrophobicity.  It is anticipated the functionalization of PFCB aryl 
ether polymers with fluorinated POSS cages would further improve the water repellency.  
We find the ability to solution process these POSS functionalized fluoropolymers makes 
them particularly attractive for a broad range of manufacturing techniques for potential 
hydrophobic material applications including fibers, coatings, and bulk components.   
 
 
Conclusion 
POSS PFCB aryl ether copolymers, as chain terminated or pendant, possess excellent 
processability and were easily solution spin and drop cast forming optically transparent, 
flexible films.  The presence of POSS in the copolymer films unexpectedly produced an 
increase in surface roughness over the PFCB aryl ether homopolymers.  As a 
consequence, these copolymers showed enhanced water repellency due to POSS surface 
roughening in addition to increasing the hydrophobic hydrocarbon character of the POSS 
cages.  Further work should be focused on synthesizing longer chain fluoroalkyl POSS 
triols like those attempted in Chapter 3.  These could then be functionalized using the 
methodologies presented in this chapter to produce copolymers that would potentially 
influence the hydro- and oleophobicity.   
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CHAPTER 5 
 
NUCLEOPHILIC ADDITIONS TO FLUORINATED OLEFINS 
 
 
 
Introduction 
Nucleophilic addition to perfluorinated alkenes is a well known organofluorine 
transformation and continues to be of academic and commercial interest.267  As a result, 
this methodology has led to the development of hydrofluoroethers (HFEs) as leading 
alternatives to chlorofluorocarbons (CFCs),268 perfluorinated polyethers (PFPEs) for high 
service temperature lubricants,269 ring-containing fluoropolymers,270 
intermediates/monomers for fluorinated polymers, 271-274 and latent thermally cross-
linkable fluorinated aryl ether oligomers/polymers as additives for fluoroelastomers.46  
The strong electron-withdrawing character of the fluorine atoms on terminal 
perfluoroolefins exposes their adjacent carbons to nucleophilic attack.  The carbanion 
intermediate that results from the nucleophilic addition to a trifluoroalkene is either 
trapped by an accompanying electrophile or, in the absence of an electrophile, eliminates 
a fluoride ion, resulting in vinyl substitution primarily at the terminus position (Scheme 
5.1).  In the case where the carbanion is trapped by a proton source (E = H), subsequent 
dehydrofluorination with a base can also result in vinyl substitution.275   
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Scheme 5.1.  Routes to different products from the addition of nucleophiles to fluorinated 
olefins. 
 
 
 
Reported examples of nucleophilic attack on terminal fluoroolefins have included 
F−,276 AgF,277 N3−,278 and C-,279,280 O-,281-283 N-,279,282,284 or S-alkyl/aryl 
nucleophiles.279,282,285  Such nucleophilic additions are primarily facilitated in basic 
conditions; other additions have also included radical286,287 and Pd-catalyzed addition.268  
Most of the aforementioned reported examples have been limited to nucleophile additions 
to fluoroalkyl or fluoroalkyl ether substituted fluoroolefins.  In this chapter, the new 
synthesis of aryl 1,2-difluorodioxyethylenes by the facile nucleophilic addition of 
substituted phenols to aryl trifluorovinyl ethers (TFVEs) is described.  Aryl TFVEs are 
well-known to undergo thermal [2 + 2] cyclodimerizations26 and bisfunctional units 
afford perfluorocyclobutyl (PFCB) aryl ether polymers used for a multitude of high-
performance material applications introduced in Chapter 1.4,5,17,58  It was previously 
reported that the polymerization of bisphenols to bis(trifluorovinyloxy)biphenyls 
 147
affording high molecular weight, solution processable condensation polymers and 
oligomers possessing hydro-1,1,2-trifluoroethane (−CHFCF2−) or 1,2-difluoroethylene 
(−CF=CF−) enchainment.46  In single-molecule studies, it was discovered that substituted 
phenol additions to monofunctionalized aryl TFVEs showed stereoselectivity for the 
preparation of vinyl ether products.  Their synthesis and characterization is discussed.  
Furthermore, electronic and steric factors contributing to stereoselectivity will be 
explained in detail in this chapter and have also been published elsewhere.288 
 
Aryloxylation of Substituted Phenols with Aryl Trifluorovinyl Ethers  
Synthesis and Characterization of Vinyl Substitution Products  
Vinyl ethers 5.3−5.9 were prepared by the stoichiometric addition of substituted sodium 
phenoxides to aryl TFVEs 1-bromo-4-(trifluorovinyloxy)benzene (5.1) and 1-methoxy-4-
(trifluorovinyloxy)benzene (5.2) in anhydrous DMF at 60 °C for at most 1 h (Table 5.1).  
Excess NaH (4 equiv) was used to deprotonate substituted phenols in order to avoid the 
formation of addition products (e.g., Ar−O−CHFCF2−O−Ar) by protonation from 
adventitious water from the solvent or unreacted phenol.  The optimized preparation of 
vinyl ether products 5.3−5.9 proceeded in quantitative conversion as observed by 19F 
NMR and were in good isolated yields (50−86%) as a mixture of (E)- and (Z)- isomers.  
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Table 5.1.  Preparation of substituted vinyl ether products 5.3−5.9. 
 
R O
F F
F + HO
R'
5.1  R = Br 
5.2         OCH3
R O F
O
R'
FNaH
DMF
60 °C
5.3–5.9
 
 
R R′ product (Z):(E)a yield (%)b
Br  p-Br (Z)/(E)-5.3 1.26:1 75 
Br   H (Z)/(E)-5.4 1.31:1 72 
Br  p-OCH3 (Z)/(E)-5.5 1.26:1 60 
OCH3  p-Br (Z)/(E)-5.5 1.28:1 86 
OCH3  p-OCH3 (Z)/(E)-5.6 1.27:1 64 
Br  o-Br (Z)/(E)-5.7 1.41:1 69 
Br  o-C(CH3)3 (Z)/(E)-5.8 1.69:1 50 
Br  o-Ph (Z)/(E)-5.9 1.95:1 67 
a Determined by 19F NMR area peak integrations.  b Isolated yield of 
(Z)/(E)-isomers. 
 
 
 
The preparation of the addition product 5.10 as a racemic mixture of isomers was 
achieved by the addition of p-bromophenol to 1-bromo-4-(trifluorovinyloxy)benzene 5.1 
in the presence of Cs2CO3 (0.5 equiv) in DMF for 1 h (Scheme 5.2).  As previously 
observed, the conversion was quantitative based on 19F NMR analysis and 5.10 was 
isolated in 73% yield.  It was shown that aliphatic alcohols and phenols proceed via Pd-
catalyzed addition to perfluorinated alkenes to afford hydrofluoroethers.268  Attempts to 
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employ this strategy did not produce the desired addition product 5.10, affording only 
unreacted starting materials.  The utility of this methodology is illustrated by the fact that 
choice of base (e.g., NaH or Cs2CO3) selectively affords either vinyl ether or addition 
products, respectively.  
 
BrBrHO Br O
H
F
O
F
F
+
Cs2CO3
DMF
60 °C
5.10
Br O
F F
F
5.1  
Scheme 5.2.  Preparation of addition product 5.10 using Cs2CO3 as the base.  
 
Figure 5.1 shows the 19F NMR spectra of the aryl TFVE 5.1 starting material, 
vinyl ether products (Z)/(E)-5.3 and (Z)/(E)-5.5, and the addition product 5.10.  Aryl 
TFVEs typically produce a diagnostic AMX pattern, and in the case of 5.1, with peaks at 
−120.5 ppm (dd, J = 95.5, 55.4 Hz, cis-CF=CF2, FA), −126.4 ppm (dd, J = 111.9, 95.5 
Hz, trans-CF=CF2, FM), and −136.8 ppm (dd, J = 111.9, 52.4 Hz, CF=CF2, FX).  The 
vinyl ether product isomer mixture of (E)/(Z)-5.3 produced two equivalent singlet signals 
at −121.7 and −127.8 ppm for the (Z)- and (E)-isomer, respectively.  In comparison, the 
substitution of R’ = Br with R’ = OMe produced splitting peak signals for (Z)/(E)-5.5 at 
−120.5 and −122.3 ppm (d, J = 42.8 Hz, (Z)-CF=CF) and −126.7 and −129.6 ppm (d, J = 
110.3 Hz, (E)-CF=CF).  Lastly, the addition product 5.10 produced shifts for the hydro-
1,1,2-trifluoroethane ether at −85.7 ppm (d, J = 148.1 Hz) for the geminal fluorines 
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(−CHFCF2−) and −138.89 ppm (dt, J = 59.3 Hz, 8.2 Hz) for the fluorine coupled with the 
proton (−CHFCF2−). 
 
 
Figure 5.1. 19F NMR (in CDCl3) overlay (from top to bottom) of aryl TFVE 5.1, vinyl 
ether products (Z)/(E)-5.3 and (Z)/(E)-5.5, and addition product 5.10.  
 
 
 
(Z)- and (E)-isomers were difficult to separate using column chromatography or 
vacuum distillation.  However, in some cases vinyl ether (Z)- and (E)-isomers were easily 
separated by fractional precipitation.  Specifically, dispersion of vinyl ether products 
(Z)/(E)-5.3 and (Z)/(E)-5.5 in methanol or hexanes resulted in the exclusive precipitation 
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of the (E)-isomer.  Recrystallization of the precipitated (E)-isomer by the slow 
evaporation of diethyl ether at room temperature afforded X-ray quality crystalline solids.  
Figure 5.2 shows the ORTEP structures of the (E)-5.3 and (E)-5.5.  Crystalline solids of 
the respective (Z)-isomers of 5.3 and 5.5 were difficult to obtain; attempts to crystallize 
them from a multitude of polar and non-polar solvents produced only amorphous solids 
or oils.  Differential scanning calorimetry (DSC) showed a broad melting point range of 
121−147 °C for (Z)/(E)-5.3.  In addition, crystals of the addition product 5.10 were 
obtained from the slow evaporation of diethyl ether.  X-ray crystal structures have been 
refined and crystallographic data for (E)-5.3, (E)-5.5, and 5.10 (Figure 5.2) have been 
submitted to the Cambridge Crystallographic Data Center (CCDC) with publication 
number 656776, 656778, and 656777, respectively.  Copies can be obtained free of 
charge from CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (e-mail: 
deposit@ccdc.cam.ac.uk). 
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Figure 5.2. ORTEP representations (50% probability) (top to bottom) of vinyl ether 
product (E)-5.3 (top), (E)-5.5 (middle), and addition product 5.10 (bottom).  The crystal 
of 5.10 existed as a mixture of conformers which cause intermixing of F- and H-atoms. 
The F-atoms are each given occupancy of 0.75. (Structure determination by D. 
VanDerveer.) 
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  Selected bond length (Å) mean values and bond angles for (E)-5.3, (E)-5.5, and 
5.10 are shown in Table 5.2.  (E)-isomers of 5.3 and 5.5 showed nearly identical 
(C1)−(O1) bond lengths. However, the (C7)−(C7A) unsaturated bond length for (E)-5 is 
shorter by nearly 0.1 Å which profoundly influences the (F1)−(C7)−(C7A) and 
(O1)−(C7)−(C7A) bond angles compared with (E)-5.3.  The result is the 
(F1)−(C7)−(C7A) bond angle for (E)-5.5 is decreased by 9.06° and the (O1)−(C7)−(C7A) 
bond angle is increased by nearly the same magnitude at 9.35° compared with bromine 
substituted (E)-5.3. 
 
 
Table 5.2.  Selected bond distances and bond angles of compounds (E)-5.3, (E)-5.5, and 
5.10. 
compound (C7)−(C7A) 
(Å) 
(C1)−(O1) 
(Å) 
(C7)−(F1) 
(Å) 
(F1)−(C7) 
−(C7A) (°) 
(O1)−(C7) 
−(C7A) (°) 
(E)-5.3 1.288(7) 1.343(4) 1.358(4) 118.8(4) 126.2(5) 
(E)-5.5 1.189(11) 1.321(5) 1.449(7) 109.7(6) 135.7(8) 
5.10 1.513(7) 1.349(4) 1.381(4) 107.10(3) 111.3(5) 
 
 
Electronic and Steric Effects on Stereoisomeric Ratio of Vinyl ether Products 
The results in Table 5.1 indicate a preference for the formation of the (Z)-isomer of the 
vinyl ether products 5.3−5.9 as indicated by 19F NMR.  Substituted phenol additions to 
the aryl TFVEs 5.1 or 5.2 showed quantitative conversion at room temperature or 60 °C 
in DMF; however, the (Z)/(E)-isomer ratios were unaffected.  Furthermore, cation effects 
did not influence the stereoisomer outcome using either LiH or NaH as the base.  Solvent 
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effects were then investigated.  For example, sodium phenoxide additions to TFVE 5.1 
were also facilitated in THF and benzene which produced the vinyl ether product (Z)/(E)-
5.4 in 60−88% and 15% conversion, respectively.  Although conversions were not 
quantitative, the (Z)/(E)-isomer ratio of the vinyl ether product (Z)/(E)-5.4 was 
unaffected.  Electronic effects due to the donating/withdrawing ability of aryl ethers have 
been shown to influence the formation of (Z)/(E)-isomers.289  This was not the case in our 
observations as the nature of the p-functionalized vinyl ether products 5.3−5.6 also 
showed no indication for preference of the respective (Z)- or (E)-isomer.  However, 
installing bromine, tert-butyl, or phenyl substituents in the ortho position of the phenol 
nucleophile produced vinyl ether products 5.7−5.9 with preferential formation of the (Z)-
isomer.  The most pronounced effect was observed for the case where R’ = Ph, where up 
to 54% more ortho-substituted (Z)-isomer was formed for 5.9 compared with the para-
substituted (Z)/(E)-5.3.   
In order to elucidate a mechanistic rationale for the slight preference of (Z)-isomer 
formation, consideration of a steric effect as the significant influence was examined.  It 
has been reported that most addition−elimination reactions involving fluoroolefins 
proceed via an E1CB-like mechanism267 and occur initially either by the formation of a 
sp2-hybridized planar 290,291 or sp3-hybridized tetrahedral 292,293 carbanion.  Competitive 
addition pathway via single-electron transfer (SET) was ruled out based on previous 
reports 294 and that also aryl TFVEs are benign to common radical initiation.7  In most 
cases, fluorocarbanion hybridization is predominately influenced by repulsion or 
inductive effects.267,295  The generation of ab sp3-hybridized intermediate I shown in 
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Figure 5.3 was initially involved, arising as the result of anti-addition of the phenol 
nucleophile.  Syn-addition of the nucleophile is possible due to anion hyperconjugation 
by the stabilizing interaction of the carbanion 2p orbital with the σ* Cβ−F orbital.290  The 
anionic intermediates generated would then facilitate syn-elimination of NaF to form the 
(Z)/(E)-vinyl ether products.  However, syn-addition may be unlikely as the 
hyperconjugative stabilization would not overcome the eclipsing steric interactions by 
initial addition followed by ensuing elimination.292   
In this case, anti-elimination would involve comparing rotational energy barriers 
of the intermediate I.  The observations pointing to the formation of the preferred (Z)-
isomer indicates the kinetically favored intermediate is likely Ib.  This involves 
clockwise rotation of I between the two aryl ethers.  Such a rotation may be favored 
because of greater flexibility of the adjoining ether linkages compared with rotation by 
sterically encumbered, rigid fluorine atoms shown as the proposed intermediate Ia.  This 
steric effect would be more pronounced if ortho-substituted groups on the phenol 
nucleophile are present; this was shown to be the case experimentally by the preparation 
of ortho-substituted vinyl addition products 5.6−5.9.  Syn-elimination can also be 
considered since it would involve no rotation.  For syn-elimination to occur would 
indicate favorable eclipsing of the aryl ethers (Id) rather than aryl ether eclipsing with 
fluorine atoms (Ic).   
It is clear the proposed model requires additional rigorous experimental (and 
possibly computational) analysis to prove its validity, since many accounts report 
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confounding preference of the (E)-isomers of 1,2-difluoroolefins albeit from different 
substrates.285,289  
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Figure 5.3.  Proposed model for the addition−elimination reaction of aryl TFVEs with 
substituted phenols affording vinyl ether (Z)- and (E)-isomers.  
 
 
 
To rule out π–π electronic interactions or the presence of phenonium ion 
intermediates,296 addition to 5.1 with sodium ethoxide (NaOEt) afforded vinyl ether 
product (Z)/(E)-5.11 with a higher 2.45:1 (Z):(E) isomer ratio compared to phenol 
nucleophiles (Scheme 5.3).  This result also indicated that smaller linear aliphatic 
nucleophiles such as ethoxide desire rotation (for anti-elimination) or eclipsing (for syn-
elimination) with the carbanion possessing the aromatic ether.   
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Scheme 5.3.  Addition of sodium ethoxide to aryl TFVE 5.1 affording vinyl ether 
products (Z)/(E)-5.11. 
 
 
Dehydrofluorination of Addition Product 5.10 
Facile dehydrofluorination of addition product 5.10 proceeded using an equivalent 
amount of base.  In this case, elimination of NaF using NaH in DMF at 60 °C produced 
(Z)/(E)-5.3 in nearly quantitative yield (Scheme 5.4).  The vinyl ether product produced 
slightly preferential formation of the (Z)-isomer in a (Z)/(E) ratio of 1.16:1.  This 
indicated the carbanion is relatively long-lived to facilitate rotation to expel fluorine via 
syn- or anti-elimination.  Based on the single X-ray structure of 5.10 (Figure 5.2), the 
most stable conformation indicates the aromatic ethers are pseudo-trans.  Therefore, less 
(Z)-isomer formation by dehydrofluorination (i.e., (Z)/(E)) = 1.16:1) compared with 
sodium p-bromophenoxide addition−elimination (i.e., (Z)/(E) = 1.26:1) may be due to 
competitive syn- and anti-elimination pathways.  
 
Br O F
OF BrNaH
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Scheme 5.4.  Dehydrofluorination of 5.10 using NaH to afford vinyl ether products 
(Z)/(E)-5.3.  
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Reactivity of Vinyl Substitution Products 
Strained internal fluoroolefins like those of cyclic monomers for the preparation of 
Teflon®-AF are well-known to undergo radical-initiated polymerization.  Therefore, 
chemical reactivity of vinyl substitution products (Z)/(E)-5.3 was investigated using 
typical polymerization protocols in hope of producing high molecular weight 
polymers.297  Attempts to polymerize the 1,2-difluoro-1,2-diaryloxyethylene functional 
group with 2,2’-azobis(isobutyronitrile) (AIBN), benzoyl peroxide (BPO), boron 
trifluoride etherate, and n-butyl lithium resulted in recovery of unreacted (Z)/(E)-5.3.  
Attempts to produce Diels-Alder adducts by reaction with cyclopentadiene or by 
macroinitiation with polystyrene also failed to activate the internal fluoroolefin.  
Reactions with p-toluenesulfonic acid, I2, and UV failed to promote any evidence of 
isomerization. However, thermal treatment of (Z)/(E)-5.3 using DSC analysis in nitrogen 
revealed an exotherm at ca. 310 °C which on inspection of the DSC pan produced an 
insoluble, black glass-like solid (Figure 5.4).  These results are consistent with reported 
crosslinking of 1,2-difluoro-1,2-diaryloxyethylene enchained in polymer systems that 
produced crosslinked networks.46  Details of the thermal crosslinking with 
fluoroethylene/vinylene aryl ether (FAE) polymers enriched with this moiety are 
discussed in more detail in Chapter 6.  The next section of this chapter will focus on 
determining the mechanism of the internal fluoroolefin reactivity employing specifically 
thermal conditions.  
 
 159
138.5°C
134.1°C
301.5J/g
310.7°C
-8
-6
-4
-2
0
2
H
ea
t F
lo
w
 (W
/g
)
0 50 100 150 200 250 300 350
Temperature (°C)Exo Up  
Figure 5.4.  DSC trace of  (Z)/(E)-5.3 heated in nitrogen to 350 °C at 10 °C/min.  
Initially, a sharp melt endotherm was observed at 139 °C followed by an exotherm onset 
at ca. 310 °C as a result of fluoroolefin activation.  
 
 
 
 The thermal reactivity of the vinyl ether products possibly suggests the ideal 
formation of cyclic species by thermal [2 + 2] cyclodimerization (either radial or anionic) 
of fluoroolefins or linear chain extension (Scheme 5.5).  Reports of 1,2-difluoro-1,2-
diaryloxyethylene species (Ar−O−CF=CF−O−Ar) are rare and were the side product of 
the reaction of tetrafluoroethylene (TFE, CF2=CF2) with phenols.7,282  Unlike other 
internal difluoroolefins species such as R−CF=CF−R or R−O−CF=CF−R (where R is 
alkyl) which can be thermally or radically initiated, the 1,2-difluoro-1,2-
diaryloxyethylene unit exhibits unusually high thermal stability and chemical inertness.  
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Therefore, the production of polymer networks could be a result of an intermolecular 
cyclization event of two fluoroolefins and possibly fluoroolefin with an aryl ether.  
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Scheme 5.5.  Proposed structures from the thermal activation of 1,2-difluoro-1,2-
diaryloxyethylenes. 
 
 
 
Infrared (IR) spectroscopy was used in an attempt to explain the reactivity of the 
1,2-difluoro-1,2-diaryloxyethylene.   Attenuated total reflectance−Fourier transform 
infrared (ATR−FTIR) analysis was performed on the compound (Z)/(E)-5.4 and its 
corresponding network polymer denoted poly5.4 (Figure 5.5).  ATR−FTIR spectroscopy 
is a particularly useful technique such that it can measure signals from nontransparent, 
solid samples.  Network polymer poly5.4 (exact structure not defined) was prepared by 
heating compound (Z)/(E)-5.4 to 250 °C in a vacuum sealed glass ampoule for 2 h.  The 
mostly black, glass-like solid produced was insoluble in most organics; however, CHCl3 
and DMSO swelled and dissolved some of the solid material extracting a yellow liquid.  
The ATR−FTIR spectrum of (Z)/(E)-5.4 revealed the diagnostic −CF=CF− stretch at 
1580 cm−1 which has mostly disappeared in the poly5.4 spectrum (compare overlay in 
Figure 5.5).  This was based on peak area integration ratios of the −CF=CF− stretch and 
arC=C of (Z)/(E)-5.4 compared to poly5.4.  This result indicated the fluoroolefin was 
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consumed as a result of thermal heating of (Z)/(E)-5.4.  However, the IR spectrum of 
poly5.4 was inconclusive because other diagnostic peaks did not appear (vide infra). 
 
Figure 5.5.  ATR−FTIR spectrum of compound (Z)/(E)-5.4 and the corresponding 
poly5.4 (exact structure not defined) after heating (Z)/(E)-5.4 to 250 °C for 2 h.  The 
diagnostic CF=CF stretch from (Z)/(E)-5.4 is consumed during thermal treatment as 
shown in the overlay with poly5.4. 
 
  
The formation of cyclic aryl ether as a result of [2 + 2] cyclodimerization of 1,2-
difluoro-1,2-diaryloxyethylenes would produce absorbance bands at 950−980 cm−1 
typically associated with the cyclobutyl ring-breathing mode.  Computational calculations 
to determine the vibrational frequencies of the cyclic intermediate was performed using 
Gaussian 03 software suite employing the level of theory/basis set of B3LYP/6-21G*.  
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The resulting generated IR spectrum of the proposed cyclobutyl aryl ether (denoted 
Gaussian) is shown in Figure 5.6 which is overlaid with the poly5.4 spectrum.  
Computational modeling predicts the absorption band at 980 cm−1 which does not appear 
in the spectrum for poly5.4.  This result confirms the formation of the cyclic aryl ether 
structure from the [2 + 2] cyclodimerization is unlikely. 
 
 
Figure 5.6.  IR spectrum generated by Gaussian (B3LYP/6-21G*) of proposed 
cyclobutyl aryl ether structure (denoted Gaussian) compared with poly5.4  
 
 
 
Attempts to analyze the organic soluble fraction by gas chromatography coupled 
with mass spectrometry (GC−MS) produced a small fraction (< 5%) of m/z of >200 
which proved inconclusive product identification.  However, the major product peaks 
showed m/z of 94 and m/z of 172, 174, indicative of phenol and 4-bromophenol, 
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respectively.  The speculation that oligomeric species were formed was confirmed using 
gel permeation chromatography (GPC) of the organic soluble fraction.  GPC analysis 
revealed a broad peak polydispersity (Mw/Mn) of 2.4 with a calculated number-average 
molecular weight (Mn) of 1,500 (Figure 5.7).  This result may indicate a linear, or 
semibranched, polymerization arising as a result of thermal treatment of vinyl ether 
products. 
 
12.0 14.0 16.0 18.0 20.0
Minutes  
Figure 5.7.  GPC analysis of poly5.4 using polystyrene (PS) standard in CHCl3.   
 
19F NMR analysis provided some additional insight to understanding the species 
generated by thermal treatment of the vinyl ether products.  Compound (Z)/(E)-5.4 with a 
residual amount of addition product was heated to the same conditions above at 250 °C 
for 2 h.  Compound (Z)/(E)-5.4 and the resulting organic soluble material after thermal 
treatment are shown in the 19F NMR overlay in Figure 5.8.   The addition product of 
compound (Z)/(E)-5.4 showed no evidence of thermal dehydrofluorination as a result of 
the expulsion of HF.  The AB pattern at −85.5 ppm and dt pattern at −138.5 ppm from the 
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hydro-1,1,2-trifluoroethane (−CHFCF2−) remain intact after heating.  More interestingly, 
the (Z)/(E)-1,2-difluoroethylene peaks at −120.0 ppm to −130.0 ppm were completely 
consumed after the thermal treatment.  The heat treated sample produced a single peak at 
−148.5 ppm that is consistent in the region where linear perfluoroalkanes typically 
appear. 
 
Figure 5.8.  19F NMR in CDCl3 of vinyl ether product (Z)/(E)-5.4 and residual addition 
product (top).  19F NMR in DMSO-d6 of proposed soluble oligomer after heating the neat 
mixture of (Z)/(E)-5.4 for 24 h at 210 °C (bottom). 
  
 
 
 A cross experiment performed by thermally reacting vinyl ether product (Z)/(E)-
5.4 with aryl trifluorovinyl ether 5.1 at 150 °C for 24 h showed no reaction with the 
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internal fluoroolefins.  The resulting PFCB aryl ether dimer was produced with 
compound (Z)/(E)-5.4 intact based on 19F NMR analysis (Scheme 5.6).  
 
Br O F
OF
Br O
F F
F
5.1
+
150 °C
72 h
F
FF
F
FF
OOBr Br
PFCB aryl ether dimer
O
F
F
FF
OOBr
F
O
F
F
FF
OOBr Br
F
Br
Not observed
 
Scheme 5.6.  Cross experiment by thermal reaction of aryl TFVE monomer 5.1 with 
(Z)/(E)-5.4. 
 
 
 
Based on GPC and 19F NMR analysis, the production of oligomeric species may 
be the result of thermal initiated polymerization of 1,2-difluoro-1,2-diaryloxyethylenes.  
Although it is still unclear the exact structure of the postulated oligomer species, the 
formation of cyclobutyl-F4 aryl ethers is unlikely.  In the following chapter, more insight 
on the formation of phenol by-products is addressed when fluorinated aryl ether polymers 
are thermally crosslinked by possessing 1,2-difluoro-1,2-diaryloxyethylene enchainment.  
 
Polymerization of (Z)/(E)-5.3 Using Yamamoto Coupling 
Polymers prepared by Yamamoto homocoupling of aryl dihalides have produced a 
plethora of new conjugated polymer systems, which continue to gain interest.298  
Compound (Z)/(E)-5.3 possesses dibromofunctionality that was suitable for Ni-catalyzed 
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polymerization and produced poly5.3 (Scheme 5.7).  The polymer poly5.3 was insoluble 
in a wide range of solvents and GPC analysis could not be performed.  Extended scans of 
19F NMR in DMSO-d6 showed the fluoroolefins were still intact producing broad peaks 
associated with compound (Z)/(E)-5.3.   
 
Br O CF=CF O Br
n
Ni(COD)2/COD
DMF, 60 °C, 24 h
O CF=CF O
(Z)/(E)-5.3 poly5.3
 
Scheme 5.7.  Ni-catalyzed homopolymerization of vinyl ether product (Z)/(E)-5.3 
affording the corresponding polymer, poly5.3. 
 
 
 
 DSC of poly5.3 produced an exotherm onset at 260 °C with its maximum at 310 
°C (Figure 5.9).  This result seems consistent with the exotherms observed due to the 
thermal activation of 1,2-difluoroethylene unit in the vinyl ether products studied in the 
previous section of this chapter.   
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 Figure 5.9.  DSC scan at 10 °C/min to 350 °C of poly5.3 in nitrogen.  
  
 As shown in Figure 5.10, DSC analysis showed a broad glass transition 
temperature (Tg) at 135 °C for poly5.3.  After heating to 350 °C in nitrogen, a second 
reheating revealed the disappearance of the Tg indicating crosslinking of poly5.3 by 
thermal activation of the internal fluoroolefins.  
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Figure 5.10.  DSC trace of poly5.4 at 10 °C/min to 350 °C in nitrogen which exhibits a 
Tg at 135 °C (bottom trace).  A second reheating scan shows the disappearance of the Tg 
shown in the top trace after heating to 350 °C. 
 
 
 
Carbanion Trapping  
 
The sequential trapping of carbanions with electrophiles upon initial nucleophilic 
addition to fluoroolefins has been extensively reported.290,292,299  This is evident by the 
formation of trace amounts of hydro-1,1,2-trifluoroethane which was inevitable due to 
adventitious water or from free hydroxyl (−OH) species.  It would seem obvious the 
trapping of electrophiles could produce a functionally diverse pool of fluorinated 
compounds from a tandem, two-step addition−substitution methodology.  As a model 
system, initial attempts to trap the carbanion intermediate generated from the addition of 
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sodium phenoxide to aryl TFVE 5.1 with electrophiles (E) would produce compounds 
with the general structure 5.E1 (Scheme 5.8).  Trapping with D2O or TfCl failed to 
produce any substituted product, where E = D or Tf.  19F NMR revealed only the 
formation of the vinyl ether product (Z)/(E)-5.4 and trace amount of the 1,2,2,-
hydrofluoroethane.  The addition of the electrophiles was performed in a sequential 
fashion, whereas addition of sodium phenoxide was added first to 5.1, allowed to stir for 
5 min, then the electrophile was finally added.  The evidence of trace amounts of 1,2,2,-
hydrofluoroethane seem to indicate the rate of the nucleophilic addition is quite rapid and 
the carbanion is short-lived.292  The life time of carbanions generated by nucleophilic 
additions to fluoroolefins was shown to be very sensitive to the specific nature of 
nucleophile substrates.290,299  Attempts to employ trapping at lower temperatures (e.g., 
−78 °C) in THF failed to produce any trapped products.  THF, in general, is a poor choice 
of solvent even at elevated temperatures (e.g., 50 °C) because even the preparation of 
vinyl substitution or addition products proceeds with poor conversion. 
 
BrNaO O
E
F
O
F
F
+
E
5.E1
Br O
F F
F
5.1
DMF
 
Scheme 5.8.  Nucleophilic addition of phenol to aryl TFVE followed by in situ trapping 
of electrophiles.    
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Further Studies of Heteronucleophiles to Aryl Trifluorovinyl Ethers  
Most of the discussion in this chapter preceding this section involved the addition of 
alcohols to fluoroolefins. As noted in the introductory material, other nucleophiles (Nu) 
undergo similar addition−elimination or addition−substitution depending primarily on the 
nature of the base (Scheme 5.9).  In the following subsections, S-, N-, P-, Se-, and C-
nucleophiles are added to aryl TFVE in order to understand reactivity, product formation, 
and to introduce a new pool of vinyl or addition products.  These additions serve as 
model studies for the preparation of fluoroethylene/vinylene aryl ether (FAE) polymers 
using the difunctional compounds (i.e., HS−Ar−SH) as monomers that will be discussed 
in Chapter 6.  
 
Br O F
NuF
(Z):(E)-isomer
Br O
H
F
F
F
NuBr O
F F
F
5.1
Nu, Base
(or)
DMF
60 °C
24 h  
 
Scheme 5.9.  Heteronucleophile addition to aryl TFVE 5.1.   
 
 
 
O-Nucleophiles 
 
Additions of various aromatic and aliphatic alcohols to aryl TFVE 5.1 are summarized in 
Table 5.3.  As demonstrated in previous sections of this chapter, phenol was successfully 
added to aryl TFVE 5.1 affording the vinyl ether (Z)/(E)-isomers of 5.4 using 
stoichiometric amounts of NaH. Additions of phenol and cyclohexanol to 5.1 using 
catalytic amounts of Cs2CO3 afforded the other oxygen-containing ethers 5.12 and 5.13 in 
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overall good isolated yields.  Also shown previously, primary aliphatic alcohols such as 
lithiated ethoxide afforded the vinyl ether product (Z)/(E)-5.11.  Overall, alcohol 
additions to aryl TFVE 5.1 proceeded in good yields and demonstrated chemical stability 
during work-up and column chromatography.   
 
Table 5.3.  O-Nucleophile additions to aryl TFVE 5.1.  
reactant base product(s) yield (%) 
OH
 
NaH Br O F
OF
5.4
(Z):(E) 1.31:1  
72a,b
OH
 
Cs2CO3
 
Br O
H
F
O
F
F
5.12
86a
OH
 
Cs2CO3
 
Br O
H
F
O
F
F
5.13  
81a
OLi
 n/a 
Br O F
OF
5.11
(Z):(E) 2.45:1  
86a,b
a Isolated yield.  b Mixture of (Z)/(E)-isomers. 
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N-Nucleophiles 
 
Additions of N-nucleophiles to aryl TFVE 5.1 are summarized in Table 5.4.  Diphenyl 
amine addition to 5.1 produced the enamine (Z)/(E)-5.14 and addition product 5.15 using 
NaH and Cs2CO3 as the base, respectively.  Addition of diphenyl amine using NaH 
proceeded with quantitative conversion to (Z)/(E)-5.14 in good yields as observed by 19F 
NMR.  This addition−elimination showed preference for the formation of the (Z)-isomer 
with a (Z):(E) ratio of 2.3:1 based on peak integration by 19F NMR.  On the other hand, 
conversion to the addition product 5.15 using catalytic Cs2CO3 proceeded with low 
conversion (28%) even at extended reaction times of 48 h.  This may be due to the fact 
that carbonate bases are not strong enough to sufficiently deprotonate diphenyl amine 
which has a pKa of 25 (in DMSO), but may also be due to steric hindrance of the 
diphenyl groups.  The steric encumbrance argument is better supported because cyclic 
amines such as piperdine preceded in quantitative conversion to produce the desired vinyl 
ether product (Z)/(E)-5.16 and oxidized addition product 5.17 using NaH or Cs2CO3.  
Addition of piperdine after deprotonation with NaH produced the expected isomers of 
(Z)/(E)-5.16 in low yield, but mostly produced the oxidized amide 5.17 presumably due 
to hydrolysis upon aqueous work-up.  The conversion of −CF2−N− to −CF(O)−N− has 
been reported which showed sensitivity to moisture and silica-based chromatography 
conditions.279,284  Reaction of stoichiometric amounts of lithium diisopropylamine (LDA) 
with aryl TFVE 5.1 in a NMR tube in C6D6 proceeded with very low conversions as 
indicated by GC−MS to afford aryl vinyl ether and addition adducts (Z)/(E)-5.18 and 
5.19, respectively.  In this case, nonpolar solvents such as C6D6, in general, do not 
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promote efficient addition of nucleophiles to aryl TFVE.  However, the addition of strong 
bases such as LDA provided insight to the product formation.  Strong, metallated bases 
such as LDA proceeded in competition with halogen−metal exchange and fluoroolefin 
addition when using aryl TFVE 5.1.  Other examples of this will be shown in subsequent 
sections. 
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Table 5.4.  N-Nucleophile additions to aryl TFVE 5.1.  
reactant base product(s) yield (%) 
NH
2  
NaH Br O F
NF
5.14 
(Z):(E) 2.3:1
2
 
62a,c
NH
2  
Cs2CO3
 
Br O
H
F
F
F 2
N
5.15
28a
NH
 
NaH Br O F
NF
5.16 
(Z):(E) 1.3:1  
31b,c
NH
 
Cs2CO3
 
Br O
H
F
N
O
5.17  
100b
NLi
2  
in C6D6 
50 °C, 24 h 
N
2
O
F F
F
5.18  
2b
  
Br O
H
F
F
F
5.19
N
2
 
2b
a Conversion by 19F NMR.  b Conversion by GC−MS.  c Mixture of (Z)/(E)-
isomers. 
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C-Nucleophiles 
 
Carbon nucleophiles used in this section were chosen from commercially available 
reagents.  These included the addition of tert-butyl lithium (t-BuLi), phenyl lithium 
(PhLi), and lithium phenyl acetylene to aryl TFVE 5.1.  In Chapter 1, the importance of 
the intermediate strategy developed by Smith and Neilson in preparation of functionally 
diverse aryl TFVE monomers was shown.264  This methodology entailed the formation of 
lithiated (or Grignard, MgX) aryl TFVE intermediates by halogen−metal exchange using 
t-BuLi in diethyl ether at low temperatures (e.g., −70 °C).  It was documented that upon 
warming lithiated aryl TFVE solutions above −20 °C produced very exothermic 
reactions.264  The products formed in such events have been documented to yield 
complex mixtures of unidentified products.  This section will present some insight on the 
product outcome of metallated C-nucleophile to aryl TFVEs.  (Caution!  Additions of 
lithiated aryl/alkyl species to aryl TFVEs, in this case 5.1, resulted in highly exothermic 
reactions). 
 Addition of t-BuLi (1.7 M in pentane) to aryl TFVE 5.1 in C6D6 afforded reduced 
product 5.20, tert-butyl substituted aryl TFVE 5.21, addition product 5.22; the remaining 
mass balance involved oligomerized product (Scheme 5.10).  It is known that t-BuLi 
addition at low temperatures (i.e., −70 °C) exclusively undergoes halogen−metal 
exchange to form the lithiated aryl TFVE of 5.1.   However, as demonstrated in these 
additions at room temperature, a multitude of identifiable products were formed as 
determined by GC−MS analysis.  It is most likely that the highly exothermic nature of 
this reaction is due to the formation of NaF after expulsion of F− followed by reformation 
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of the double bond.  The heat of formation of NaF is −617 kJ/mol and is one of the 
highest for ionic bonds for fluoride salts measured. 
 
R O
F F
F
5.22  (10%)5.20  R = H     (30%)
5.21         t-Bu   (5%)
Br O
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F
F
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O
F
F O
F
F
F
n
Br O
F F
F
5.1
C6D6
r.t.
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t-BuLi
R =  H   (10% oligmer products)
        Br
+
R
O
F
F
n
 
Scheme 5.10.  Addition of t-BuLi to aryl TFVE 5.1.  Yields (in parenthesis) are reported 
by relative integrated peak areas from the GC trace as identified by MS.  
 
 
 Unlike the reaction of t-BuLi, phenyl lithium (PhLi, in 1.8 M in di-n-butyl ether) 
addition to aryl TFVE 5.1 proceeded more cleanly to vinyl ether adduct (Z)/(E)-5.23 with 
good conversion at 70% by 19F NMR (Scheme 5.11).  No residual aryl TFVE 5.1 was 
observed; however the remaining balance was oligmerized products as determined by 
GC−MS analysis.  The oligomer is a result of the halogen−metal exchange followed by 
addition−elimination to the fluoroolefin from the generated lithiated aryl TFVE species.  
Attempts to add the phenyl Grignard (MgBrPh) to aryl TFVE 5.1 failed even at elevated 
temperatures at 50 °C for 48 h.  Grignards of aryl TFVE 5.1 are quite stable as they are 
generated from 5.1 in refluxing THF in the presence of Mg turnings.  Additionally, 
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Grignard aryl TFVEs are persistent nucleophiles towards a variety of acyl chlorides or 
chlorosilanes, albeit not as aggressive as the lithiated aryl TFVE analogues presumably 
due to differences in charge delocalization on the fluoroolefin.27   
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oligmer products (10%)  
 
Scheme 5.11.  Addition of PhLi to aryl TFVE 5.1.  Yields (in parenthesis) are reported 
by relative integrated peak areas from the GC trace as identified by MS. 
 
 
 
 Lithium phenylacetylide (1 M in THF) proceeded in a near quantitative 
addition−elimination fashion by 19F NMR to aryl TFVE 5.1 to afford the vinyl ether 
product (Z)/(E)-5.24 (Scheme 5.12).  Interestingly, the addition of a linear nucleophile 
such as acetylene produced a (Z):(E)-isomer ratio of 4.1:1.  This further supports the 
postulated mechanism for the preferential formation of the (Z)-isomer based on rotation 
due to relief of steric encumbrance (see proposed intermediates Ib and Id in the 
proceeding sections).  
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Scheme 5.12.  Addition of lithiated phenyl acetylide to aryl TFVE 5.1.  Yields (in 
parenthesis) are reported by relative integrated peak areas from the GC trace as identified 
by MS. 
 
 
 
S-Nucleophiles 
 
Addition of benzenethiol to aryl TFVE 5.1 using NaH produced a myriad of vinyl ether 
products including (Z)/(E)-5.25, 5.26, and (Z)/(E)-5.27 (Scheme 5.13).  Fluoroolefins are 
classified as “soft” acids in accordance with the Pearson’s scale.300   Therefore, 
fluoroolefins react more favorably with “soft” bases such as thiols rather than “hard” 
bases such as alcohols.  Furthermore, the selectivity of thiol over alcohol addition to 
fluoroolefins has been reported301 and multiple thiol additions are also consistent with 
recent reports.285  The formation of thiol/phenol vinyl ether product (Z)/(E)-5.27 is a 
result of aryl ether cleavage due to excess NaH; this will be discussed in the subsequent 
section discussing H-nucleophiles.  
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Scheme 5.13.  Benzene thiol addition using NaH base to aryl TFVE 5.1.  Yields (in 
parenthesis) are reported by relative integrated peak areas from the GC trace as identified 
by MS. 
 
 In contrast to NaH, benzenethiol addition to aryl TFVE 5.1 using catalytic 
amounts of Cs2CO3 afforded the addition product 5.28 in good isolated yield (Scheme 
5.14).  No evidence of multiple additions was observed.   
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Scheme 5.14.  Benzenethiol addition to aryl TFVE 5.1 using catalytic Cs2CO3 base. 
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Se-Nucleophiles 
 
Addition of benzeneselenol failed to exclusively afford the desired vinyl Se-substituted 
(Z)/(E)-isomers 5.29.  The reaction also produced the addition product 5.30 and trace 
amounts of decomposition product 5.31 resulting from the presence of slight excess NaH 
(Scheme 5.15).  Further attempts to prepare the addition product 5.30 using catalytic 
Cs2CO3 was not performed because of the susceptibility Se−C bond cleavage under basic 
conditions.   
  
Br O F
SeF
5.29 (59%)
(Z):(E) 3:1
Br O
H
F
Se
F
F
5.30 (39%)
SeHBr O
F F
F
5.1
+
NaH
DMF
60°C
Br O F
SeHF
5.31 (2%)
(Z):(E) 3:1  
Scheme 5.15.  Benzeneselenol addition to aryl TFVE 5.1.  Yields (in parenthesis) are 
reported by relative integrated peak areas from the GC trace as identified by MS. 
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P-Nucleophiles 
Diphenylphosphine addition to aryl TFVE 5.1, employing NaH as the base, afforded the 
vinyl P-substituted product (Z)/(E)-5.32 in 68% isolated yield (Scheme 5.16).  19F NMR 
analysis showed an (Z):(E)-isomer ratio of 2.7:1.   
Br O F
PF
5.32 (68%)
(Z):(E) 2.7:1
2PH
2
Br O
F F
F
5.1
+
NaH
DMF
60°C
 
Scheme 5.16.  Diphenylphosphine addition to aryl TFVE 5.1.  Yields (in parenthesis) are 
reported by relative integrated peak areas from the GC trace as identified by MS. 
 
 
 
Reaction of diphenylphosphine with aryl TFVE 5.1 with catalytic amounts of 
Cs2CO3 gave trace amounts of the desired addition product 5.33 (ca. 5% by 19F NMR) 
(Scheme 5.17).  GC−MS and 19F NMR analysis revealed a myriad of unidentifiable 
peaks. 
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Scheme 5.17.  Diphenylphosphine addition using catalytic Cs2CO3 base to aryl TFVE 
5.1.  Yields (in parenthesis) are reported by relative integrated peak areas from the GC 
trace as identified by MS. 
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F-Nucleophiles 
 
Reagent fluoride sources for fluorination of aryl TFVE 5.1 were also explored.  Scheme 
5.18 shows the fluoride addition using CsF in DMF at 60 °C.  After 24 h, the reaction 
yielded low conversion (12%) to the desired addition product 5.34 as observed by 19F 
NMR.    
 
Br O
F F
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5.1
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F
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Scheme 5.18.  CsF addition to aryl TFVE 5.1.  Yields (in parenthesis) are reported by 
relative integrated peak areas by 19F NMR analysis.  
 
 
 
Tetrabutylammonium fluoride (TBAF) was also shown to be an effective F− 
source.  The deprotection of TMS-protected phenoxide using TBAF followed by addition 
to aryl TFVE 5.1 afforded the addition product 5.4 and F− addition across the fluoroolefin 
produced 5.34 (Scheme 5.19).  Since the TBAF reagent (2 M in THF) contains 
appreciable amount of residual water, the addition adduct of the F− addition (5.34) was 
exclusively formed.   
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Scheme 5.19.  TBAF addition to aryl TFVE 5.1.  Yields (in parenthesis) are reported by 
relative integrated peak areas by 19F NMR analysis. 
 
 
 
Si−O-Nucleophiles 
 
Silanols should demonstrate suitability as good nucleophiles to aryl TFVEs.  This was 
demonstrated by the addition of monosilanolcyclopentyl POSS to aryl TFVE 5.1 using 
catalytic Cs2CO3 as a base and produced addition product 5.35 is good isolated yield 
(Scheme 5.20).  This strategy illustrates the potential utility of functionalizing siloxane-
based materials with aryl TFVE moieties producing a reactive handle, in this case, 
bromine.   
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Scheme 5.20.  Cyclopentyl POSS alcohol addition using catalytic Cs2CO3 base to aryl 
TFVE 5.1. 
 
 
 
H-Nucleophiles 
 
NaH was anticipated to add across the fluoroolefin producing the corresponding vinyl H-
substituted product (Scheme 5.21).  However, the addition of 5 molar excess of NaH to 
aryl TFVE 5.1 in DMF at 80 °C afforded primarily 5.36 and an unidentifiable product.  
No desired hydride addition was observed by 19F NMR or GC−MS analysis.  The 
formation of 5.36 indicated ether cleavage which generated a free p-bromophenyl anion 
(Br−Ar−O−) and the added to the remaining aryl TFVE 5.1.  It is presumed the addition 
of hydride proceeds to add to the terminal carbon on the fluoroolefin, followed by 
elimination of fluorine.  However, the presence of excess NaH possibly promotes 
deprotonation of the vinyl H-substituted intermediate (e.g., Br−Ar−CF=CFH) followed 
by elimination of phenoxide anion.  This sequence would lead to the expulsion of volatile 
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1,2-difluoroethylene species (CFCF); however, the evidence of this species is unclear.  
Based on 19F NMR, the unknown product produced a doublet at −125.2 ppm (J = 59.2 
Hz).  GC−MS confirmed product 5.36 with peak mass with m/z of 426; the unidentified 
product showed peak mass with m/z of 277.  GC−MS gave 60:40 ratio based on mass 
peak integration of 5.36 to unknown product.  Parent ion peaks with m/z of [M+] = 277, 
279 indicated the compound has a bromine atom due to 79Br and 81Br isotopes. 
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Scheme 5.21.  Addition of NaH to aryl TFVE 5.1.  Yields (in parenthesis) are reported by 
relative integrated peak areas of from the GC trace as identified by MS. 
 
 
 
Tabulated 19F NMR of Heteronucleophiles to Aryl Trifluorovinyl Ethers  
 
Table 5.5 shows a summary of 19F NMR shifts of selected vinyl ether products prepared 
by the addition of heteronucleophiles to aryl TFVE 5.1.  In all cases, the formation of the 
(Z)-isomer of the vinyl ether product is preferred.  Linear nucleophiles such as ethoxide 
and phenylacetylene showed the highest preference of the (Z)-isomer. In addition, 
disubstituted nucleophiles such as diphenylamine and diphenylphosphine produced more 
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(Z)-isomer than monosubstituted nucleophiles.  The sensitivity of 19F NMR shifts towards 
heteronucleophile substitution spans over a broad range when comparing (Z)- and (E)-
isomers.  For example, O-vinyl ether products produced shifts furthest downfield (from 
CFCl3 at 0 ppm) at ca. −127 to −133 ppm whereas P-, Se-, and S-vinyl ether products 
were furthest upfield (from CFCl3 at 0 ppm) at ca. −85 to −92 ppm.  No experimental 
trend based on electronegativity with regard to chemical shifts of the substituted 
heteroethers (R) was observed.  The coupling constants (J) of the (Z)-isomers varied 
most; the O-vinyl ether had the highest at 41.1 ppm and the C-vinyl ether has the lowest 
at 9.9 Hz.  Since coupling constants of olefins are usually lowered with increasing 
electronegativity, oxygen would be predicted to give the opposite observed trend.  The 
experimental observation is complicated due to electron pair repulsion as well as 
inductive effects due to back donation from the electron density of the σ*C−F orbital (i.e., 
the highly debated C−F negative hyperconjugation).267  More detailed studies of these 
effects are warranted in order to address the observed experimental data.  
 
 
 
 
 
 
 
 187
Table 5.5. Selected 19F NMR chemical shifts (in ppm) with 
reference to CFCl3 and the corresponding coupling constants 
(in Hz) of vinyl ether products. 
 
 
              
Br O F
RF
 
R (Z)-CF=CF (E)-CF=CF (Z):(E) 
O
 
−120.9, −122.5 
d, J = 41.1 
−127.1, −128.7 
d, J = 111.9 
1.3:1 
O
 
−120.9, −126.9 
d, J = 39.5 
−127.3, −133.6        
d, J = 108.6 
2.5:1 
N
2  
−107.6, −125.4 
d, J = 23.3 
−115.4, −131.5 
d, J = 107.1 
2.3:1 
N
 
−115.7, −129.5 
d, J = 19.9 
−127.5, −136.1 
d, J = 108.6 
1.3:1 
S
 
−92.3, −112.9 
s 
−105.5, −139.8 
d, J = 128.4 
1.2:1 
Se
 
−89.9, −134.8 
d, J = 19.8 
−106.1, −140.4 
d, J = 131.7 
3:1 
P
2  
−84.7, −161.9 
d, J = 13.3 
−107.8 
dd, J = 131.7, 65.8 
−167.4 
d, J = 131.6 
2.7:1 
 
−101.7, −160.6 
d, J = 13.2 
−115.3, −166.2 
d, J = 111.9 
2.5:1 
 
−90.9, −156.6 
d, J = 9.9 
−110.4, −162.3 
d, J = 121.8 
4.1:1 
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Conclusion 
A new methodology was developed for the facile preparation of substituted 1,2-difluoro-
1,2-diaryloxyethylenes 5.3−5.9 and 1,2,2-hydrofluorodiaryloxyethane 5.10 employing 
base-promoted nucleophilic additions of phenols to aryl trifluorovinyl ethers 5.1 and 5.2.  
The transformation demonstrated general utility by using commercially available 
materials that afforded either the vinyl ether or addition products by choice of the base.  
The selective formation of the (Z)-isomer was influenced upon addition of sterically 
encumbered phenol nucleophiles to aryl trifluorovinyl ether substrates.  From this, it is 
proposed the formation of vinyl ether products are due to either syn- or anti-elimination 
of fluorine from the generated carbanion intermediate which is influenced by the steric 
nature of the appended nucleophile.  All other effects such as electronic, solvent, or 
temperature failed to promote selectivity of either (Z)/(E)- isomers.  Finally, vinyl ether 
products were benign to UV light exposure and chemical treatment using common 
polymerization initiators; thermal treatment using DSC analysis showed an exotherm at 
an onset of ca. 310 °C producing oligomerized material.  Studies by 19F NMR, GPC, and 
ATR−FTIR showed this may be due to the thermally activated self-initiation of the 
fluoroolefin moiety which undergoes further reaction with other fluoroolefins present 
producing polymeric species. 
 Additions of nucleophiles, other than oxygen, were also added to aryl TFVE 5.1 
affording analogous vinyl ether and addition products.  N- and Se-nucleophiles additions 
of piperdine and benzeneselenol using NaH as the base to prepare vinyl ether products 
showed hydrolytic decomposition.  Metallated C-nucleophiles showed competitive 
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halogen−metal exchange with addition−elimination and afforded oligomerized species.  
Other reactions of S-, P-, and some cases N-nucleophiles exhibited similar behavior to O-
based nucleophiles.  The chemistry of these nucleophile additions will be employed in the 
next chapter in order to prepare fluorinated heteroether polymers from the disubstituted 
alcohols.   
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CHAPTER 6 
 
FLUOROETHYLENE/VINYLENE ALKYL/ARYL ETHER POLYMERS 
 
 
 
Introduction 
 
Commercial Perfluoropolyethers (PFPEs) 
Perfluoropolyethers (PFPEs) are a class of low molecular weight fluoropolymers that are 
typically liquids at room temperature.  They possess similar thermal and chemical 
stability comparable to polytetrafluoroethylene (PTFE).  PFPEs have many advantages as 
high service temperature fluids including low volatility, no shear thinning (near 
Newtonian behavior), and their viscosity is nearly independent of temperature.302  Many 
examples of hydrocarbon-based fluids compare favorably to PFPEs’ excellent stability in 
liquid phase behavior over a wide temperature range (−100 to 400 °C). 
 PFPEs are prepared by a variety of commercial processes.302  They can be 
prepared by reaction of fluoroolefins with elemental oxygen in the presence of UV light, 
ring-opening anionic polymerization of tetrafluorooxetane, or by ring-opening 
polymerization of hexafluoropropene oxide.  Some notable examples of commercial 
PFPEs from these polymerization conditions include Fomblin® Z, Demnum®, and 
Krytox® (Scheme 6.1).  PFPEs are currently used for diffusion pump fluids, lubricants, 
greases, low dielectric fluids, and protective environmental coatings.  Other uses included 
segmenting PFPEs in polyurethanes, epoxy resins, polyesters, and paint additives for 
improving mechanical properties over the virgin polymer material.   
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 While thermal stability of PFPEs exceeds 400 °C in oxygen-rich environments, 
they suffer severely form metal-catalyzed degradation.  For PFPEs, the formation of 
metal fluorides is thermodynamically favored, which renders them unstable in the 
presence of metals, metal oxides, or metal salts at elevated temperatures.  The mechanism 
of metal-catalyzed degradation of PFPE involves primarily chain scission of the ether 
linkage.303,304  It is noted most degradation is limited to specific classes PFPEs towards 
particular metal compounds.   
  
CF2=CF2 O2+
hυ
CF3O CF2CF2O CF2O CF3
n m
Fomblin® Z
CF2
CH2 O
CF2 F
–
F2
CF3CF2CF2O CF2CF2CF2O CF2CF3
n
Demnum®
CF3CF CF3 CF3CF2CF2O CFCF2O CF2CF3
nCF3
O F–
F2
Krytox®  
Scheme 6.1.  Examples of the commercial preparation of perfluoropolyether (PFPE). 
 
Alternate Routes to PFPEs 
As shown in Chapter 5, nucleophile additions to fluorinated alkenes is widely known in 
organofluroine chemistry. It is also of major commercial importance to the 
fluoroelastomer industry where, for example, phenols and amines are used to crosslink 
unsaturated fluoropolymers.305  Furthermore, Feiring et al. have developed step-growth 
 192
polymer chemistry based on this transformation, which produced an alternative route to 
aliphatic PFPEs that exhibit low surface energy, exceptional thermal and chemical 
resistance, and excellent electrical insulating properties (Scheme 6.2).269,272  It was also 
shown that amorphous fluoropolymers and liquid crystalline polymers could be prepared 
employing this polymerization methodology.270,274  Employing this methodology affords 
PFPEs without the use of high pressures, temperatures, or gaseous starting materials 
common to conditions typically used for their commercial preparation.  
 
CF2=CFORfCH2OH CF2CHFORfCH2O
n
F2
CF2CF2ORfCF2O
n
Linear and cyclic
perfluropolyethers  
Scheme 6.2.  Self-condensation, step-growth polymerization of fluorinated vinyl ether 
alcohols affording linear and cyclic PFPEs.  Perfluorinated PFPEs are prepared after 
direct fluorination.  
 
 
 
 Based on the preliminary work by Feiring et al., it is clear the development of 
new PFPEs based on an aromatic polymer backbone is feasible this approach addresses 
not only performance limitations, but also provides for new polymer systems with 
modular utility in mind.  This chapter primarily concerns the facile preparation of 
fluoroethylene/vinylene alkyl/aryl ether (FAE) polymers and telechelomers (oligomers 
with defined reactive endgroups) via step-growth polymerization of commercial 
aryl/alkyl bis(trifluorovinyloxy) ethers with common bisphenols (Scheme 6.3).  The 
resulting polymers possess dual functionality and are telechelic in nature with intact aryl 
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trifluorovinyl ether (TFVE) endgroups and well-defined 1,2-difluoroethylene (Z = 
CF=CF) or hydro-1,1,2-trifluoroethane (Z = CHFCF2) enchainment.  This chemistry was 
introduced in Chapter 5 for single molecule studies.  The polymerization is not limited to 
bisphenols, but also includes bisthiols and bisamines which is shown later in this chapter.  
In the case with telechelomers, dual fluoroolefin functionality of this type 
provided tandem, thermally initiated chain extension and crosslinking without additives 
or initiators.  Chain extension occurred when aryl TFVE endgroups thermally polymerize 
via [2 + 2] cyclodimerization to form perfluorocyclobutyl (PFCB) aryl ether linkages 
near 150−210 °C, followed by crosslinking via the internal 1,2-difluoroethylene groups 
near 250 °C.  Partial work presented in this chapter has been previously published.46  
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Scheme 6.3.  Schematic of step-growth polymerization of bifunctional aryl/alkyl alcohols 
with bis(trifluorovinyloxy) aryl ether affording fluoroethylene/vinylene alkyl/aryl ether 
(FAE) polymers.   
 
 
 
Fluoroethylene/vinylene Aryl Ether Polymers 
 
Polymer Synthesis 
 
The initial work in this chapter focuses on employing the step-growth polymerization of 
commercially available bis(trifluorovinyloxy) aryl ethers (see, for example 1.1) with 
commercial bisphenols in a 1:1 molar ratio to afford transparent, film-forming polymers 
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P6.1−P6.8, as shown in Scheme 6.4.  Selected polymer properties are presented in Table 
6.1.  The optimized polymerization conditions involved generation of the bisphenoxide 
sodium salt using NaH in DMF followed  by stoichiometric addition of 
bis(trifluorovinyloxy) aryl ether monomer at 80 °C for 3−6 h.   This method produced 
polymers possessing primarily 1,2-difluoroethylene (Z = CF=CF) linkers, arising from 
the elimination of sodium fluoride.  Residual hydro-1,1,2-trifluoroethane groups (Z = 
CHFCF2) are a result of protonation of the intermediate anion by free phenol or 
adventitious water.  These results are consistent with the behavior observed in single 
molecule studies in Chapter 5.  Alternatively, using Cs2CO3 (50 mol %) was used to 
prepare polymer P6.2’ (compare with P6.2 prepared from NaH), where up to 80% of the 
polymer backbone was enriched with hydro-1,1,2-trifluoroethane groups (Z = CHFCF2).  
This result is consistent with the observation that the 1,1,2-trifluoroethane anion 
intermediate (Z = CF2CF−) is protonated and regenerates the carbonate base.  It is noted 
that when Z = CHFCF2, the unit is directional in accordance with  the order of the diaryl 
spacer group (X and Y).  Therefore, the order should represent 
−X−Ar−O−CHFCF2−O−Ar−Y− as a repeat unit.   
Overall, the preparation of polymers P6.1−P6.8 proceeded in high isolated yields 
(50−80%), often producing fibrous white to pale yellow solids after purification.  The 
purified polymers are solution processable in common organic solvents (CHCl3, THF, 
DMSO, or cyclopentanone), which afford optically transparent, flexible films.  The 
simplicity of the polymerization is also realized by the operationally simple method of 
purification. FAE polymers are precipitated from the crude polymerization mixture in 
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deionized water.  The precipitated solid polymer is then collected by vacuum filtration 
followed by successive washings with deionized water, methanol, and hexanes.  The 
polymers can then be reprecipitated in methanol or purified by soxlet extraction to 
remove lower molecular weight fractions.   
   
HO OH+ Y
NaH
DMF
80 °C
X
O YO O
n
ZXZO
Z = CHFCF2 or CF=CF
P6.1   X =    ⎯        Y  =  C(CF3)2             
P6.2            ⎯                 C(CH3)2            
P6.3           C(CF3)2         C(CF3)2                 
P6.4           C(CF3)2            C(CH3)2
P6.5   X  =  C(CH3)2   Y  =  C(CH3)2
P6.6            C(CH3)2               C(CF3)2 
P6.7            C(CH3)2            ⎯                   
P6.8            C(CF3)2                ⎯
OO
F
F
F
F
F
F
 
Scheme 6.4.  Step-growth polymerization of commercially available aryl 
bis(trifluorovinyl)oxy ethers with bisphenols affording fluoroethylene/vinylene aryl ether 
(FAE) polymers  P6.1−P6.8.  
 
 
 
For the polymers enriched with the internal fluoroolefins (Z = CF=CF), a 1.2:1 
(Z):(E)-isomer ratio was observed by 19F NMR analysis in all cases.  This observation is 
consistent with phenol additions to aryl trifluorovinyl ether (TFVEs) discussed in Chapter 
5 and also with perfluorovinyl alkyl ethers studied by Feiring.269,271  The degree of 
unsaturation was also shown to be controlled by substitution of the spacer group (X or 
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Y).  As shown in Table 6.1, substitution with electron withdrawing groups (e.g., X or Y = 
C(CF3)2) seemed to retard the degree of unsaturation.  These results were repeatable over 
multiple polymerizations.     
 
 Table 6.1.  Selected properties of polymers P6.1−P6.8. 
polymer % Z = CF=CF 
Mn × 10−3 GPCa 
(NMR)b Mw/Mn Tg
 (°C)c Td (°C)             N2 (air)d
P6.1 50 12.1 2.0   88  324, 554 (551) 
P6.2 43 23.4 (15.0) 1.4   95 319, 524 (561) 
P6.2’ 17e 11.8 1.7   34 336, 513 (632) 
P6.3 26 15.8 1.8 102 370, 521 (534) 
P6.4 48 (11.8) -- 122 302, 543 (566) 
P6.5 80 (14.3) --   90 321, 534 (512) 
P6.6 48 (35.5) --   44 343, 439 (565) 
P6.7 42 (13.6) --   99 313, 523 (436) 
P6.8 20 (15.0) -- 112 310, 528 (486) 
a Number-average molecular weight by GPC in CHCl3 using polystyrene 
standards.  b Determined by 19F NMR.  c Glass transition temperature by DSC 
(10 °C/min) in nitrogen, second heating.  d TGA onset at 10 °C/min. e Cs2CO3 
used as base (50 mol%). 
 
 
 
Attempts to prepare the more obvious polymer with the biphenyl aryl ether 
backbone (P6.9) from 4,4’-dihydroxydiphenyl and the 4,4’-bis(4-
trifluorovinyloxy)biphenyl produced an insoluble material. No further characterization 
was attempted to confirm the proposed structure.  However, it is presumed that the rigid 
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nature of the biphenyl polymer backbone renders this oligomer or polymer insoluble; not 
even swelling was observed.  This result may indicate the requirement of a solubilizing 
‘soft’ segment present in the monomers with substitution in the X or Y position, where X 
or Y = C(CH3)2 or C(CF3)2.   This effect is more noticeable for the incorporation of rigid 
chromophore segments in FAE polymers; this will be shown in more detail in Chapter 7.    
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Scheme 6.5.  Polymerization of 4,4’-bis(4-trifluorovinyloxy)biphenyl and 4,4’-
dihydroxyphenol. 
 
 
 
 The preparation of FAE polymers with alternating aryl/alkyl architectures was 
successfully prepared as shown in Scheme 6.6.  Number-average molecular weight (Mn) 
of polymer P6.10 and P6.11 were 900 and 6,800, respectively.  However, they were still 
able to form, free-standing films.  The flexibility of alkyl segments in the FAE polymer 
backbone lowered the glass transition temperature (Tg) significantly compared with the 
aryl segmented polymers.  The Tg’s for P6.10 and P6.11 were 57 and 2.4 °C, 
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respectively.  Introducing a flexible, fluorinated alkyl segment in P6.11 induces more 
polymer chain slippage which produced the lowest Tg reported for all FAE polymers. 
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Scheme 6.6.  Polymerization of alkyl diols with 4,4’-bis(4-trifluorovinyloxy)biphenyl 
afforded FAE polymers with alternating aryl/alkyl ether backbones, represented by P6.10 
and P6.11. 
 
 
 
Thermal Properties  
 
Differential scanning calorimetry (DSC) studies on P6.1−P6.8 demonstrated a broad 
range of glass transition temperatures (T ) of 34−122 °C.  For all polymers studied, 
similar thermal activation of the internal fluoroolefin was observed compared with vinyl 
ether products in Chapter 5.  The thermal crosslinking of the internal fluoroolefin (Z = 
CF=CF) was observed by DSC analysis which gave exotherm onsets at 220−300 °C.  For 
example, Figure 6.1 shows the DSC data for polymer P6.2a before and after heating to 
300 °C in nitrogen.  A clear T  was observed at 95 °C for the amorphous thermoplastic 
g
g
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where after crosslinking the polymer revealed no T  indicating a densely crosslinked 
network. 
g
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Figure 6.1.  Differential scanning calorimetry trace of polymer P6.2a showing a clear Tg 
at 95 °C upon the first heating which disappears as shown by the second heating upon 
heating to 350 °C which indicates the formation of a densely crosslinked networks.   
 
 
 
 Thermalgravimetric analysis (TGA) of polymers P6.1−P6.8 exhibited two 
decomposition temperatures (Td) in nitrogen, whereas only a single Td was observed in 
air.  For example, Figure 6.2 shows the two distinct decomposition events of polymer 4a 
and is representative of all the polymers studied.  No greater than 5% mass loss was 
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observed after the first Td in nitrogen for the polymer studied.  A single Td was observed 
in air and may be the result of oxidation of the internal fluoroolefin.  This would be 
consistent with earlier work that reports fluorinated vinyl ethers oxidize in air at elevated 
temperatures and undergo stabilizing skeletal rearrangement before decomposition.306  
Overall char yields ranged from 30−40% at 900 °C in nitrogen, producing black, glass-
like solids.  
 
 
Figure 6.2.  TGA analysis of P6.2a in N2 and air where noticeable stepwise degradation 
was observed only in N2.   
 
 
 
Attempts to radically polymerize the internal difluorodioxyvinylene groups with 
hν or chemical initiators such as AIBN, BF3 etherate, or benzoyl peroxide failed to 
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induce chain growth.  Both enchained Z segments (Z = CF=CF and CHFCF2) remained 
intact by 19F NMR analysis.  As previously reported, even aryl TFVEs do not undergo 
radical-initiated polymerizations under such conditions.7  
 An experimental correlation was observed from TGA analysis that showed the 
amount of initial weight loss of polymers P6.1 and P6.4−P6.8 heated in N2 to 350 °C is 
proportional to the amount of internal fluoroolefin content (Z = CF=CF) (Figure 6.3).  As 
such, higher internal fluoroolefin content showed more onset weight loss.  Gas 
chromatography coupled with mass spectroscopy (GC−MS) of chloroform-soluble 
fractions, after polymer samples were heated to 350 °C, revealed the presence of 
bisphenol fragments. Based on this observation, it appears the activation of the internal 
fluoroolefins to form polymer networks proceeds with the expulsion of phenol, indicating 
chain scission of the ether linkages is likely.  The nature of the bond scission, whether 
homo- or heterolytic, remains unclear in the present study.     
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Figure 6.3.  Plot of onset weight loss versus percent of Z = CF=CF in selected polymers 
P6.1 and P6.4−P6.8 heated in N2 to 350 °C.    
 
 
 
Polymerization Kinetics Using NaH 
 
The novel nature of the step-growth polymerization to afford FAE polymers prompted 
investigation into understanding the kinetics of this system.  Polymer P6.3 was used as a 
model system to understand the kinetics using NaH or catalytic amounts of Cs2CO3 
(Scheme 6.7).  The detail of the catalytic polymerization using Cs2CO3 follows this 
section.  
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Scheme 6.7.  Polymer P6.3 was employed as a model system to study polymerization 
kinetics using NaH or Cs2CO3 as the base.  
 
 
 
19F NMR served as a suitable tool to evaluate polymerization kinetics.  The 
polymerization, specifically the conversion, can be quantitatively monitored by relative 
peak integration of the 19F peak signals of the aryl TFVE groups compared with the 
formation of the internal fluorooolefins, where Z = CF=CF.  For example, Figure 6.4 
shows the disappearance of the AMX pattern of the aryl TFVE groups over 180 min at 70 
°C and the appearance of two broadened signals at ca. −122 and −128 ppm indicative of 
the (Z)- and (E)-isomers of CF=CF, respectively.  There is no evidence of the aryl TFVE 
signals in the 19F NMR after 180 min.  Since 19F nuclei are naturally 100% abundant, 19F 
NMR is very sensitive tool and has been used for determining the degree of PFCB aryl 
ether chain advancement from aryl TFVE end group analysis.21,145  Based on these 
reports, terminal aryl TFVE endgroups can be detected on linear PFCB aryl ether 
polymers with molecular weights (Mn) exceeding 10,000.      
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Figure 6.4.  19F NMR of polymerization using NaH at 70 °C showing the disappearance 
of the aryl TVFE groups from the monomer and the appearance of new signals indicative 
of the internal fluorooolefins.   
 
 
 
 The aryl TFVE monomer conversion using NaH at 70 °C was plotted versus 
number average molecular weight (Mn) (Figure 6.5).  Figure 6.5 shows high polymer 
molecular weight formation after 100% conversion of the aryl TFVE monomer by 19F 
NMR.  The curve is typical of step-growth polymerizations observed in classical polymer 
systems.  It was assumed that 100% conversion infers that no signal was observed from 
the residual aryl TFVE peaks of the monomer.  The molecular weight (by GPC analysis) 
is consistent with polymerization typically produced using NaH as the base.   
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Figure 6.5.  Aryl TFVE monomer conversion using NaH at 70 °C.  
 
 
 
 A plot of monomer conversion versus time at different programmed temperature 
windows of 50, 70, 80, and 90 °C is shown in Figure 6.6.  The polymerization revealed 
the formation of film forming polymers within 45−120 min (tfilm) at ca. 60% conversion.  
As expected, higher temperatures exhibited more rapid monomer conversions and faster 
formation of polymer gels (tgel).  At this gel point, residual reactive end groups (e.g., 
CF=CF2 or −OH) on the polymer chain experience loss of mobility due to increasing 
intra- and intermolecular entanglements.  In the case of the present study, the gel point 
rendered the FAE polymers insoluble; the gelled material was observed to swell solvents 
such as DMSO or DMF. 
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Figure 6.6.  Aryl TFVE monomer conversion versus time at various temperatures using 
NaH.  The time at which a polymer was capable of forming a free-standing film followed 
by gelling is shown in the legend.  
 
 
 
 The polymerization kinetics follow the general Equation 6.1, where x is the 
percent of aryl TFVE monomer conversion, t is the time at the percent conversion, k is 
the rate constant, and n is the reaction order.   
 
                                                     dx/dt = k (1 − x)n                                                       (6.1) 
 
 
 
The rate constant (k) is temperature-dependant and is given by the Arrhenius 
equation, denoted Equation 6.2.  Equation 6.2 is governed by the frequency factor (A) 
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that is multiplied by the exponential components of the activation energy (E), gas 
constant (R), and reaction temperature (T).   
 
                                                          k = A e−E/RT                                                           (6.2) 
 
 
 
The mathematical manipulation of Equation 6.1 and 6.2 affords Equation 6.3, 
where the reaction order (n) can be obtained.   
 
                                      ln(dx/dt) = n ln(1 − x) + ln A − E/RT                                       (6.3) 
 
 
  
 The plot to obtain the slope, and therefore the reaction order (n), is shown in 
Figure 6.7 over various temperatures.  Figure 6.7 shows a good fit of the plotted data 
where the reaction order is ca. n = 2 over all temperatures.  These results are expected 
using a feedstock of two monomers that undergo step-growth polymerization.  A slight 
variation was observed at 50 °C, where the reaction order is n = 2.5.  This may indicate 
the formation of high oligomer concentrations over a broad range of molecular weights. 
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Figure 6.7.  Plot to determine reaction orders (n) from the linear slope at various 
temperatures.  
 
 
 
 For second order polymerization kinetics, the extent of conversion is related to the 
rate constant and time.  This relationship is governed by Equation 6.4 for second order 
rate kinetics.   
 
 
                                                       x/(1 − x) = kt                                                            (6.4) 
 
 
  
 The rate constant was graphically determined by plotting the rate of conversion 
(x/(1 − x)) versus time over the programmed temperatures as shown in Figure 6.8.  Over 
the range of temperatures the data showed good linear fits.  The FAE polymerization 
kinetics indicated high sensitivity towards subtle changes in temperature.  For example, 
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rate constants of polymerizations performed at 70 or 80 °C were nearly an order of 
magnitude higher than compared to 50 °C.  Furthermore, the rate constant for 
polymerization at 80 °C was the highest, albeit few data points were taken due to the fast 
conversion at this temperature window.   
 
 
Figure 6.8.  Plot to determine second order rate constants (k) at various temperatures. 
 
 
 
 The Arrhenius plot of −ln(k) versus 1/RT over the various temperatures produced 
a linear slope and activation energy Ea of 58.8 kJ/mol (Figure 6.9) 
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Figure 6.9.  Arrhenius plot to determine activation energy (Ea). 
 
 
 
Polymerization Kinetics Using Catalytic Cs2CO3 
 
Kinetic analysis similar to  that employed for NaH was used to determine the reaction 
order, rate constant, and activation energy using Cs2CO3 as the base.  Aryl TFVE 
monomer can be quantitatively monitored by integration of the 19F NMR peak signals of 
the aryl TFVE groups and compared with the formation of the hydro-1,1,2-
trifluoroethane segments, where Z = CHFCF2.  For example, Figure 6.10 shows the 
disappearance of the AMX pattern of the aryl TFVE groups over 30 min at 70 °C and the 
appearance of two broadened signals at ca. −85 ppm (AB pattern, not shown, CHFCF2) 
 212
and −138 ppm (broadened dt, CHFCF2).  There was no evidence of the aryl TFVE 
signals in the 19F NMR after 30 min.   
 
 
Figure 6.10.  19F NMR of polymerization using Cs2CO3 at 70 °C showing the 
disappearance of the aryl TVFE groups from the monomer and the appearance of new 
signals indicative of the hydro-1,1,2-trifluoroethane.   
 
 
 
 The aryl TFVE monomer conversion using Cs2CO3 at 70 °C was plotted versus 
number average molecular weight (Mn) (Figure 6.11).  Figure 6.11 shows high polymer 
molecular weight formation after 100% conversion of the aryl TFVE monomer by 19F 
NMR.  The curve is typical of step-growth polymerizations observed in classical polymer 
systems.  It was assumed that 100% conversion infers that no signal was observed from 
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the residual aryl TFVE peaks of the monomer.  The molecular weight (by GPC analysis) 
is consistent with polymerization typically produced using Cs2CO3 as the base.   
 
 
Figure 6.11.  Aryl TFVE monomer conversion using Cs2CO3 at 70 °C.  
 
 
A plot of monomer conversion versus time at different programmed temperature 
windows of 50, 70, 80, and 90 °C is shown in Figure 6.12.  The polymerization revealed 
the formation of film forming polymers within 15−60 min (tfilm) at ca. 40−50% 
conversion.  These observations indicate the polymerization is more rapid using catalytic 
Cs2CO3 than it is with NaH.  As expected, higher temperatures exhibited more rapid 
monomer conversions and faster formation of polymer gels (tgel).  No gel was observed 
with polymerizations at 50 °C.  The gel point rendered these FAE polymers insoluble; the 
gelled material was observed to swell solvents such as DMSO or DMF. 
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 Figure 6.12.  Aryl TFVE monomer conversion versus time at various temperatures using 
Cs2CO3.  The time at which a polymer was capable of forming a free-standing film 
followed by gelling is shown in the legend.  
 
 
 
The plot to obtain reaction order (n) over various temperatures from the slope is 
shown in Figure 6.13.  A good linear fit of the plotted data was observed where the 
reaction order is less than n = 2 over all temperatures; these results indicate pseudo first 
order kinetics Since the polymerization proceeds using less than stoichiometric cesium 
carbonate base, monomer concentrations are not equal.  The rate limiting step is the 
phenoxide (ArO−) addition to the fluoroolefin that forms the corresponding intermediate 
carbanion (CF2CF−).  In order to generate the catalytic cycle, the carbonate base (CO3−) is 
regenerated by deprotonation of its conjugate acid (HCO3) via the carbanion 
intermediate.  The cycle is also further complicated by the competitive formation of 1,2-
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difluoroethylene (Z = CF=CF) via the thermodynamically favorable expulsion of CsF.  
From 19F NMR analysis, polymerizations at higher temperatures showed increasing 
formation of the 1,2-difluoroethylene segments.  For example, polymerization at 50 °C 
produced 4% −CF=CF− content, whereas at 90 °C, polymers were enriched with 27% 
−CF=CF−.   
 
 
 
Figure 6.13.  Plot to determine reaction orders (n) at various temperatures.  
 
 
 
The rate constant was graphically determined by plotting the rate of conversion 
(x/(1 − x)) versus time over the programmed temperatures as shown in Figure 6.14.  Over 
the range of temperatures the observed data showed good linear fits, except at 50 °C 
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where the data demonstrated significant delineation.  In comparison with polymerizations 
using NaH, the catalytic polymerization kinetics also indicated high sensitivity towards 
subtle changes in temperature.  Rate constants of polymerizations performed at 70 or 80 
°C were nearly an order of magnitude higher and lower compared to 50 °C and 90 °C, 
respectively.  
 
 
 
Figure 6.14.  Plot to determine second order rate constants (k) at various temperatures. 
 
 
 
 The Arrhenius plot of −ln(k) versus 1/RT over the various temperatures produced 
a linear slope and activation energy Ea of 15.8 kJ/mol (Figure 6.15).  Compared with 
NaH, polymerizations using catalytic carbonate base are much more facile by nearly a 
factor of four.   
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Figure 6.15.  Arrhenius plot to determine activation energy (Ea). 
 
 
 
Fluoroethylene/vinylene Aryl Ether Telechelomers 
 
Telechelic polymers T6.12−T6.16 were prepared as shown in Scheme 6.8 using a similar 
methodology for the preparation of polymers as described in the previous section using 
NaH as the base.  Using a slight modification, the addition of excess 4,4’-
bis(trifluorovinyloxy)biphenyl monomer to sodium salt of bisphenol, produced 
endcapped telechelic polymers.   
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Scheme 6.8.  Preparation of telechelomers T6.12−T6.16.   
 
Telechelomers T6.12−T6.16 contained up to 92% fluoroolefin (Z = CF=CF) 
content previously unavailable with the polymers described in the previous sections.  
While the molecular weights were intentionally limited for the telechelics, this strategy 
provided convenient access to processable PFCB aryl ether polymers via thermal chain 
extension, without crosslinking, as illustrated in Scheme 6.9 and pictorially in Scheme 
6.10.  Selected properties of the telechelomers T6.12−T6.16 and the corresponding PFCB 
aryl ether chain extended polymers P6.12−P6.16 are shown in Table 6.2.   
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Scheme 6.9.  Chain extension of telechelomers T6.12−T6.16 to PFCB aryl ether polymers 
P6.12−P6.16. 
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Scheme 6.10.  Cartoon illustration of dual thermal reactivity of telechelomers: (1) chain 
extension to solution processable PFCB aryl ether polymers followed by (2) thermal 
crosslinking via the internal fluoroolefins, producing insoluble network polymers. 
 
 
 
Table 6.2.  Selected properties of chain extended telechelomers. 
telechelomer % Z = CF=CF 
Mn × 10−3 GPCa 
(NMR)b Mw/Mn Tg
 (°C)c Td (°C)
d                   
N2 (air) 
T6.12 60 1.3 (2.5), [6.3]e 1.6, [2.2]e 10, [70]e 283, 534 (262, 525) 
T6.13 81 1.2 (2.0), [9.8]e 1.6, [3.3]e 27, [57]e 310, 550 (304, 600) 
T6.14 92 1.7 (4.1), [13.9]e 1.4, [5.3]e 12, [83]e 340, 543 (560) 
T6.15 94 1.2  1.6 -- 400 (316) 
T6.16 14 4.7, [14.0]e 1.1, [2.2]e -- -- 
a GPC in CHCl3 using polystyrene standards.  b Determined by 19F NMR end group 
analysis.  c DSC (10 °C/min) in nitrogen, second heating.  d TGA onset at 10 °C/min 
of chain extended polymers.  e After chain extension to PFCB aryl ether polymers 
(210 °C, 1 h).   
 
 
Chain extension of telechelomers T6.12−T6.16 can be thermally controlled to 
initially induce step-growth aryl TFVE cyclopolymerization at 210 °C, producing linear 
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perfluorocyclobutyl (PFCB) aryl ether polymers (P6.12−P6.16).  Further heating to > 325 
°C induces crosslinking of the internal fluoroolefin groups.  These exothermic events 
were recorded by DSC analysis of telechelomer T6.12 shown in Figure 6.16.  The 
network polymers formed from these heat treatments were insoluble materials with no 
observable Tg below 350 °C.  
 
 
 
 
Figure 6.16.  DSC trace of T6.12 heated to 350 °C at a rate of 10 °C/min showing two 
exotherms due to the onset of cyclodimerization of the aryl TFVE endgroups at ca. 210 
°C and onset of internal fluorooolefin crosslinking ca. 325 °C. 
 
 
 
The controlled thermal chain extension approach is exemplified using T6.12, 
which was subjected to bulk thermal polymerization conditions at 210 °C for 1 h.  The 
PFCB aryl ether polymerization produced a transparent, film-forming polymer with Mn of 
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6,300 and polydispersity of 2.2 (Mw/Mn) by GPC.  In this case, the internal fluoroolefin 
moieties were unaffected as evidenced by comparing peak integration using 19F NMR 
(Figure 6.17).  It is also important to note the hydro-1,1,2-trifluoroethane groups (Z = 
CHFCF2) do not undergo thermal dehydrofluorination under these conditions.   
 
 
Figure 6.17.  Thermal chain extension of telechelomer T6.12 at 210 °C affording 
solution processable PFCB aryl ether polymer P6.12 with enchained 1,2-difluoroethylene 
and hydro-1,1,2-trifluoroethane functionalities intact.  
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 Telechelomers of alternating aryl/alkyl units T6.17 and T6.18 were prepared by 
controlled condensation of alkyl diols with aryl TFVE monomer 4,4’-bis(4-
trifluorovinyloxy)biphenyl using NaH as the base (Scheme 6.11).  With the alkane diol, it 
proved difficult to control the desired internal fluoroolefin (Z = CF=CF) in the segment 
backbone.  Exclusively hydro-1,1,2-trifluoroethane (up to > 95% Z = CHFCF2) enriched 
segments were formed due to the high content of water in commercial butane diols.  
These telechelomers were also chain extended to afford the PFCB aryl ether polymers 
P6.17 and P6.18 (see also Scheme 6.11).  PFCB aryl ether containing polymers P6.17 
and P6.18 had molecular weights with Mn’s of 3,900 and 4,900, respectively.  Their Tg’s 
varied considerably and were 54 and 108 °C for P6.17 and P6.18, respectively.  Both 
chain extended polymers were capable of producing clear, flexible films from solvent 
spin casting.    
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Scheme 6.11.  Chain extension of telechelomers T6.17 and T6.18 to PFCB aryl ether 
polymers P6.17 and P6.18. 
 
 
 
Using strong bases, in this case LDA, proved to be an efficient tactic to prepare 
telechelomer T6.17 with up to 90% internal fluoroolefin content by elimination of HF 
(Scheme 6.12).  Addition across the aryl TFVE endcapped moieties was not observed 
like those observed by the addition of amines in Chapter 5.  This is due to the acidic 
nature of hydro-1,1,2-trifluoroethane moieties which undergoes facile elimination of HF 
over nucleophile addition across the double bond of aryl TFVEs.  However, the use of 
LDA on telechelomer T6.18 produced ill-defined oligomers.  This is presumably due to 
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deprotonation of the acidic α-hydrogen on the 1,4-tetrafluorobutane segment that induces 
undesired F− elimination in the R segment.   
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Scheme 6.12.  LDA-mediated LiF elimination of the hydro-1,1,2-trifluoroethane segment 
of T6.17 to afford a telechelomer enriched with internal fluoroolefins. 
 
 
 
Fluoroethylene/vinylene Aryl Ether Network Polymers 
 
Dimensionally stable, PFCB aryl ether framework-based network polymers N6.1−N6.4 
were attempted by reaction of PFCB aryl ether prepolymers with crosslinking agents 
(Scheme 6.13).  Attempts to use crosslinking agents included 1,1,1-tris(4-
hydroxyphenyl)ethane, cyclopentyl POSS triol, poly(4-vinylphenol), aniline, and 4,4’-
dithiolphenol.  Amines are “soft” nucleophiles and were anticipated to add to the “soft” 
electrophilic nature of the aryl TFVEs multiple times; the reactivity of N-nucleophiles 
was demonstrated in Chapter 5.  The PFCB aryl ether prepolymer that was used had a 
molecular weight (Mn) of ca. 13,000 by 19F NMR analysis.   
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 Addition of 1,1,1-tris(4-hydroxyphenyl)ethane (40 mol % relative to prepolymer) 
and Cs2CO3 (20 mol %) to a solution of PFCB aryl ether prepolymer in DMF at 60 °C 
immediately produced the gelled network material, N6.1, after 30 min.  After filtering, 
followed by sequential washings with deionized H2O, MeOH, and hexanes, and vacuum 
dried at 60 °C for 24 h afforded a pale white insoluble solid.  Swelling of network 
polymer N6.1 was achieved with DMSO and DMF.   
 Following similar conditions but using iso-butyl POSS triol and aniline failed to 
produce the desired network polymers N6.2 and N6.3, respectively.  Based on 19F NMR 
analysis use of POSS triol (40 mol %) showed 52% conversion of aryl TFVE groups 
whereas aniline (40 mol %) showed no conversion.  However, using NaH (2 equiv per 
aniline) as the base, reactivity of aniline showed 91% conversion of the aryl TFVE 
moieties.  However, no network polymer was produced because NaH may have led to 
ether cleavage of the PFCB aryl ether prepolymer which was observed previously in 
Chapter 5. 
 Using 40 mol % poly(4-vinylphenol) (Aldrich, Mw of 8,000) as a crosslinking 
reagent in the presence of 20 mol % Cs2CO3 and PFCB aryl ether prepolymer produced 
an insoluble gel (N6.4) after 24 h in DMF at 60 °C.   
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Scheme 6.13.  Preparation of FAE network polymers N6.1−N6.4 using various 
crosslinkers.   
 
 
 
Fluoroethylene/vinylene Aryl Ether Segment Copolymers 
 
Attempts to incorporate functional polymer/oligomer segments in the FAE polymer 
backbone were attempted using the biphenyl PFCB aryl ether prepolymer described in 
the previous section.  Incorporation of block polymer segments included 
poly(ethyleneglycol) (PEG-400, Mw = 400), poly(etheramine)s such as Jeffamine® D-400 
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(Huntsman, Mw = 430), and perfluoropolyethers such as Fomblin® ZDOL 2000 (Solvay 
Solexis, Mn = 1,600) (Figure 6.18).  In all cases, a stoichiometric equivalent of 
prepolymer was reacted with PFCB aryl ether prepolymer using 50 mol % Cs2CO3 in 
DMF at 60 °C.   PEG segments were successfully incorporated and 19F NMR analysis 
showed quantitative consumption of aryl TFVE producing primarily hydro-1,1,2-
trifluoroethane (Z = CHFCF2) units.307  Functionalization with Jeffamine® D-400 using 
NaH as the base also resulted in near quantitative consumption of aryl TFVE as indicated 
by 19F NMR analysis.  However, 1H NMR analysis did not reveal the presence of 
diagnostic functional groups representative of the poly(etheramine) backbone.  At 
present, this result remains inconclusive whether successful incorporation was achieved.  
Employing the same conditions, copolymerization with Fomblin® ZDOL 2000 produced 
a phase separated mixture in the DMF solution at 60 °C.  Analysis by 19F NMR revealed 
the aryl TFVE groups of the PFCB aryl ether prepolymer went unabated.  Future studies 
should entail the polymerization with Fomblin® ZDOL 2000 prepolymers be carried out 
solely in or as a mixture of fluorinated solvents to improve solubility of monomers.   
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Figure 6.18.  FAE polymers functionalized with segments from commercially available 
prepolymers. 
 
 
 
Fluoroethylene/vinylene Aryl Heteroether Polymers 
 
As previously demonstrated in Chapter 5, additions to aryl TFVEs proceed with 
heteronucleophiles other than phenols or aliphatic alcohols.  A similar approach was 
employed to prepare FAE polymers with heteroether junctions where X = S or N−R 
(Scheme 6.14).  Specifically, 2,2-bis(4-trifluorovinyloxybiphenyl)-1,1,1,3,3,3-
hexafluoropropane was condensed with 4,4’-dithiolphenol and N,N’-diphenylbenzidine 
to afford FAE polymers P6.19 and P6.20, respectively.  As an initial study, these 
polymerizations were performed using catalytic Cs2CO3 in DMF at 80 °C.   
The sulfur containing fluoroethylene/vinylene aryl thiolether (FAT) polymer 
P6.19 was produced as an insoluble yellow-brown solid.  DMSO-d6 soluble fractions 
indicated quantitative consumption of the aryl TFVE monomer as determined by 19F 
NMR analysis, producing exclusively a polymer enriched with hydro-1,1,2-
trifluoroethane segments (Z = CHFCF2).  Analysis of the soluble fractions by 19F NMR 
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did not indicate multiple addition of thiol; therefore, the insoluble nature of polymer 
P6.19 is a possible a result of its primary structure as a linear polymer and not as a 
network.   
Attempts to prepare the fluoroethylene/vinylene aryl amine (FAA) polymer P6.20 
produced only low molecular weight oligomer.  Extended polymerization up to 5 days 
showed low conversion of the aryl TFVE to 67% by 19F NMR.  The resulting oligomer 
was insoluble in CHCl3; however, 19F NMR in DMSO-d6 provided an estimated 
molecular weight (Mn) of 1,600.  It was shown in Chapter 5 diphenylamine addition to 
aryl TFVEs preceded in nearly quantitative conversion.  Therefore, in the present case, 
the low conversion of the aryl TFVE monomer to produce high molecular weight 
polymer may be the result of steric encumbrance of the secondary amine monomer.   
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Scheme 6.14.  Condensation polymerization of 2,2-bis(4-trifluorovinyloxybiphenyl)-
1,1,1,3,3,3-hexafluoropropane and bisfunctionalized S- and N-monomers afforded 
polymers P6.19 and P6.20. 
 
 
 
Conclusion 
 
This chapter presented the first step-growth polymerization of bisphenols to 
bis(trifluorovinyloxy)biphenyls to produce a new class of fluoropolymers, 
fluoroethylene/vinylene aryl ether (FAE) polymers from commercial feed stocks.  The 
telechelomers possess dual functionality which enabled thermal chain extension and 
tandem crosslinking to afford network polymers without the aid of curing agents.  These 
amorphous fluoropolymers may find application as crosslinking additives for 
fluoroelastomers as well as melt or solution processable resins for other thermosetting 
applications.   
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 The details of the polymerization kinetics presented herein suggest a very facile 
addition elimination−substitution process.  Therefore, other more benign bases should be 
explored.  Transition metal-mediated or organic bases (i.e., amines) were not studied in 
substantial detail for this polymerization methodology.  These should be considered for 
future work, particularly with emphasis on the catalytic nature and production of 
condensate. 
 The details of the crosslinking mechanism via thermal activation of the internal 
fluoroolefins still remain inconclusive.  More so, the presence of bisphenol segments as a 
result of thermal crosslinking may suggest reversibility of the aryl ether linkages with 
two-electron transfer.  Therefore, investigations to understand the crosslinking 
phenomena are warranted.   
 The following chapters entail the functionalization of FAE polymers with 
segments tailored for specific applications. The ability to modularly install units in the 
backbone have led to the preparation of FAE polymers with chromophore segments for 
light emissive materials (Chapter 7) and sulfonated blocks for proton exchange 
membranes (Chapter 8).   
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CHAPTER 7 
 
CHROMOPHORE ENCAPSULATED FLUOROETHYLENE/VINYLENE  
ARYL ETHER POLYMERS FOR LIGHT EMITTING APPLICATIONS 
 
 
Introduction 
The discovery of the first electrically conducting polyacetylenes308 has led to a 
renaissance of utilizing light emissive organic conjugated polymers for the commercial 
preparation of highly efficient light emitting devices, magnetic storage media, 
photovoltaics, electro-optics, and chemical sensors.309  However, the rigid nature of many 
conjugated oligomers or conjugated polymer (CP) systems renders them insoluble, thus 
requiring costly vacuum deposition, lithographic templating, or other labor-intensive 
processing for device fabrication. Although there are notable examples of soluble CP 
systems, they require multi-step monomer preparation and often employ expensive 
transition metal catalysts for their polymerization.310-312  Consequently, residual transition 
metals affect device optoelectronic properties and efficiency that has led to confounding 
interpretation of data in comparison to related systems and reproducibility.313-315  For 
these reasons, there remains a need for easily prepared, solution processable, and 
transition metal-free polymers capable of efficient light emission.  
As shown in Chapter 5 and 6, nucleophilic addition of alcohols to perfluorinated 
olefins is a well-established transformation in organofluorine chemistry.267 This 
methodology has led to an alternate preparation of perfluorinated polyethers 
(PFPE),269,270 an important class of elastomers that display ultra-low surface friction, 
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resistance to creep, and excellent thermal and chemical resistance.1  While 
fluoropolymers possess these superior benefits over their hydrogen-containing analogs, 
they have shown little utility for light emissive applications.  This is primarily due to poor 
solution processability because of their high crystalline nature and their lack of extended 
π−π conjugation.  It has been shown; however, that introducing fluorine into conjugated 
polymers diminishes their susceptibility to light induced oxidation, thus improving their 
resistance to photobleaching.316 
In Chapter 6, the transition metal-free, step-growth polymerization of commercial 
bisphenols and bis(trifluorovinyloxy)biphenyls afforded telechelic with reactive aryl 
trifluorovinyl ethers (TFVE) and crosslinkable fluoroethylene/vinylene aryl ether (FAE) 
polymers enriched with a 1,2-difluoroethylene (−CF=CF−) or hydro-1,1,2-trifluoroethane 
(−CHFCF2−) in the backbone.46  These FAE polymers exhibited high thermal stability 
and produce flexible, optically transparent films by simple spin- or drop-casting.  This 
chapter will discuss an extension of the aforementioned work by preparing FAE polymers 
functionalized with various chromophore units (Scheme 7.1).  By choice of chromophore 
bisphenol segment, tunable photoluminescence was achieved.  Furthermore, other optical 
properties will be discussed including the understanding solution/thin film photoemission 
phenomena, electroluminescence, selective anion detection, and the preparation of 
metallopolymers and metal ion sensing applications thereof.  Portions of work presented 
in this chapter have been published.48-51,317 
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Scheme 7.1.  Step-growth polymerization of chromophore-enriched bisphenols and 
bis(trifluorovinyloxy)biphenyls affording light emissive FAE polymers. 
 
 
 
Nonconjugated polymer matrices have been used extensively to prepare 
functional luminescent materials by blending with single molecules or conjugated 
segments318-324 or as covalent attachments.325-329  Figure 7.1 shows many representative 
examples of additives for polymers blends of high density polyethylene (HDPE) and 
classically-defined nonconjugated polymers which are used as luminescent materials 
employing various methods.  In many cases, such systems have been shown to minimize 
undesired fluorescence/phosphorescence exciton quenching often exhibited by fully CP 
systems.330,331  Such materials would complement existing materials in photonic 
applications such as polymer light emitting diodes (PLEDs), chemical sensing, and 
photovoltaics.  The work presented in this chapter will address the capability of 
luminescent FAE polymers as potential materials for these applications. 
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Figure 7.1.  Luminescent additives for polymer blends (top) and classically-defined 
nonconjugated polymers used for a myriad of highly efficient luminescent applications.  
 
 
 
Modular Chromophore Encapsulation of FAE Polymers  
 
Monomer Synthesis 
 
The selection of bisphenols used in this study was based on their ease of synthesis in 
order to install chromophore functionalities with efficient photoluminescence.  There are 
many materials that are suitable candidates because of high solution or thin film quantum 
yields (ΦF).  Many of these materials contain, albeit not entirely preclude, segments of 
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carbazole, fluorene, phenylenevinylene, thiophene, or thiadiazole which, as extended 
chain polymers, have been used in many state-of-the-art organic light emitting diodes 
(OLEDs).  The desire to prepare white light emitting polymer-based materials (absorption 
of all colors in the UV-vis spectrum) requires red, green, blue (RGB) emitting polymers 
as separate multilayers (or blends) or as a sequence in a multiblock polymer.  Based on 
ease of preparation and light emission efficiency, the selection was narrowed down to 
using 4,4’-(9-fluorenylidene)diphenol (M7.1) as a blue-emitting monomer and is 
commercially available.  The other choices are shown in Scheme 7.2 and include 
phenylenelvinylene (M7.2), bithiophene (M7.3), or thiadiazole (M7.4) bisphenols which 
provide tailorable photoluminescence in the yellow to green (450−500 nm).  A suitable 
bisphenol red-emitter derived from as 2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene (MEH-PPV, with PL λmax of 575 nm) was not prepared and should be 
the subject of future investigations.  1,4-Bis(p-hydroxystyryl)-2,5-dihexyloxybenzene 
monomer (M7.2) was prepared from Horner-Wittig coupling of 4-(tert-
butyldimethylsiloxy)benzaldehyde with 1,4-bis(diethyoxyphosphinylmethyl)-2,5-di-n-
hexyloxybenzene.  After deprotection with TBAF in THF monomer (M7.2) was isolated 
in fair yield (32%).  Bithiophene and thiadiazole monomers M7.3 and M7.4 were 
prepared in good yields employing Pd-catalyzed Miyaura-Suzuki conditions that coupled 
4-hydroxyphenolboronic acid with the corresponding dibrominated precursor.  
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Scheme 7.2.  Synthetic preparation of chromophore bisphenol monomers M7.2−M7.4.  
4,4’-(9-Fluorenylidene)diphenol was used as monomer M7.1 (not shown) and is 
commercially available.  
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Polymer Synthesis and Characterization 
 
Optimized polymerization conditions to yield P7.1−P7.4 (Scheme 7.3) involved 
generation of the bisphenoxide sodium salt using NaH in DMF, followed by addition of 
4,4’-bis(4-trifluorovinyloxy)benzene (1 equiv) and heating at 80 °C for 3−5 h.  Initial 
attempts at polycondensation of 4,4’-bis(4-trifluorovinyloxy)benzene with 
phenylenevinylene-, bithiophene-, or thiadiazole-functionalized bisphenols produced low 
molecular weight oligomers probably due to their insolubility.  Introduction of the 
partially fluorinated and flexible bisphenol 2,2-bis(4-hydroxyphenyl)hexafluoropropane 
(6F bisphenol A, where R = C(CF3)2 in Scheme 7.3) as a “soft” solubilizing segment 
afforded high molecular weight copolymers P7.2−P7.4 that are soluble in common 
organic solvents such as THF, CHCl3, DMSO, and cyclopentanone.  The optimum 
molecular weight of polymers P7.2−P7.4 was achieved using 10 mol % feed stock of the 
chromophore bisphenol and the remaining stoichiometric balance being 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (R = C(CF3)2).  In all cases, the actual amount of 
chromophore segment incorporated into the polymers was confirmed by 19F NMR 
analysis and was nearly the same as the calculated mol % feed stock (vide infra).  
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Scheme 7.3. Step-growth polymerization of chromophore containing bisphenols and 
bis(trifluorovinyloxy)biphenyl.  P7.2−P7.4 are copolymers containing 6F bisphenol (R =  
C(CF3)2).  
 
 
Polymers produced by this facile route are predominately enriched with 1,2-
difluoroethylene (Z = CF=CF), formed via elimination of fluoride. Some hydro-1,1,2-
trifluoroethane (Z = CHFCF2) is also observed due to adventitious water or free phenol 
(−OH).  The degree of unsaturation (Table 7.1) was determined by 19F NMR 
spectroscopy on the basis of peak integrations.  The quantitative conversion of monomer 
4,4’-bis(4-trifluorovinyloxy)benzene to copolymer P7.4 was easily confirmed by 19F 
NMR spectroscopy (Figure 7.2).  Monomer 4,4’-bis(4-trifluorovinyloxy)benzene 
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trifluorovinyl aryl ether resonances are apparent from the diagnostic AMX pattern at 
−119.5 ppm (FA), −126.4 ppm (FM), and −133.8 ppm (FX).  The internal fluoroolefins in 
P7.4 (Z = CF=CF) produce shifts at −120.8 and −122.0 ppm ((Z)-isomer) or −127.2 and 
−129.2 ppm ((E)-isomer).  A (Z):(E) ratio of ca. 1.2:1 is observed in all of the polymers 
investigated.  Further utility of the polymerization strategy using catalytic carbonate 
bases such as Cs2CO3 enabled the preparation of analogous polymers (P7.1’ and P7.3’) 
with primarily hydro-1,1,2-trifluoroethane groups (Z = CHFCF2) in place of fluoroolefin 
linkages.  Also shown for P7.4 in Figure 7.2, the −CF2− produces an AB pattern at –85.7 
and −86.2 ppm and the −CHF− shifts at −141.2 ppm (as a dt).  This simple modification 
provides materials with similar thermal stability, but with a more flexible backbone. 
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 Figure 7.2.  19F NMR (283 MHz) in DMSO-d6 of 4,4’-bis(4-trifluorovinyloxy)benzene 
monomer (top) and copolymer P7.4 containing 6F bisphenol A (bottom).  
 
 
 
Selected physical properties for polymers P7.1−P7.4 are provided in Table 7.1.  
The operationally simple polymerization procedure gave good yields (52−87%) of 
polymers.  They are soluble in common organic solvents (THF, DMSO, and 
cyclopentanone) and produce optically transparent, free-standing films when spin or drop 
cast (see Figure 7.3).  Gel permeation chromatography (GPC) revealed number-average 
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molecular weights (Mn) of 10.3−36.1 × 103 with agreeable polydispersities of 1.5−2.8 
expected from step-growth polymerization.  
 
Thermal Properties 
The semifluorinated aryl ether polymers possessed excellent thermal stability; thermal 
gravimetric analysis (TGA) showed average onset of decomposition temperature (Td) of 
353 °C and 360 °C in N2 and air, respectively.  Compared with well-studied CP systems, 
these polymers demonstrate similar stability in N2, and higher stability in air, in many 
cases.  Some example notable examples include poly(phenylenevinylene) (PPV, Td = 549 
°C in N2),332 poly[2-(3’,7’-dimethyloctyloxy)-5-methoxy-1,4-phenylenevinylene] 
(OC1C10-PPV, Td = 426 °C in N2),332 poly[2-methoxy-5-(2-ethylhexyloxy)]-1,4-
phenylenevinylene (MEH-PPV, Td = 360 °C in N2 and 280 °C in air),333 poly(thiophene) 
(PT, Td = 200−250 °C in air),334 and poly(pyrrole) (PP, Td = 200−300 °C in N2).335  In 
order to limit degradation of commercial CPs for PLED applications, they are 
encapsulated under vacuum to prevent exposure to air and moisture.336  Furthermore, CPs 
are also subject to thermal fatigue and thermochromic effects that can compromise the 
photochemical properties of devices in which CPs are employed.332  Therefore, thermal 
stability in air is of major importance for device efficiency and operation lifetime, 
particularly for solar cells.337   
Differential scanning calorimetry (DSC) analysis indicated the polymer systems 
were entirely amorphous with glass transition temperatures (Tg) ranging from 64−155 °C. 
It was anticipated the extent of the 1,2-difluoroethylene (Z = CF=CF) content in the FAE 
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polymer backbone would have an influence on rigidity, ultimately affecting macroscopic 
properties such as Tg.  However, comparing within polymer series P1 and P3, no trend of 
the 1,2-difluoroethylene (Z = CF=CF) content was observed in relation to the Tg.  
 
Table 7.1.  Selected physical properties of polymers P7.1−P7.4. 
polymer Mn × 10−3 GPC  Mw/Mn
% Z = 
CF=CFa Tg
 (°C)b Td  (°C)   N2 (air)c
P7.1 17.3d 2.4 80 150 340 (320) 
P7.1’ 10.5d 1.8 22 155 357 (355) 
P7.2 27.7e 1.8 68   98 325 (318) 
P7.3 12.2e 1.5 83 102 352 (328) 
P7.3’ 10.2d 2.1 52 104 341 (395) 
P7.3’’ 36.1d 2.6   7   90 387 (443) 
P7.4 15.2d 2.8 70   64 368 (358) 
a Determined by 19F NMR peak integration; ca. 1.2:1 (Z):(E) isomers. 
b DSC (10 °C/min) in nitrogen, second heating. c TGA onset at 10 
°C/min. d GPC in CHCl3 using polystyrene standards. e GPC in THF 
using polystyrene standards.  
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Figure 7.3.  Pictures of chromophore-enriched, purified polymers of P7.1−P7.3 (top). 
Bottom inset shows P7.2 (a) in THF solution (ca. 5 wt % solids) in visible light (left) and 
under a UV lamp (right, 350 nm), (b) as a precipitated fibrous polymer under UV lamp 
(350 nm), and (c) as a free standing film by solvent drop casting in a prefabricated 
template. 
 
 
 
Photoluminescent Properties 
The physical properties of polymer fibers of P7.1−P7.3 are shown in Figure 7.3 and 
reveal significant contrasts in color—white (P7.1) to yellow (P7.2) to green (P7.3)—with 
a low loading of the respective chromophore  (ca. 10 mol %).   Furthermore, a 5 wt % 
polymer solution in THF, precipitated fiber, and a solvent cast film of P7.2 revealed a 
high degree of luminescence upon exposure to a UV lamp (350 nm).  Some key optical 
properties of P7.1−P7.4 in solution (THF) and thin films are provided in Table 7.2.  In all 
cases, emission spectra are recorded after excitation at λmax from excitation spectra 
(Figures 7.4).  A single π−π* absorption characteristic of fluorene and biphenyl 
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functionalities is observed for P7.1 (λmax = 260 nm) in THF. Copolymers P7.2−P7.4 
produced two absorption bands in solution. The absorption band due to the π−π* 
transition of biphenyl moieties is present between 260−265 nm in all of the polymers, 
accompanied by bands attributable to the π−π* transition of the chromophore units 
spanning the range 350−450 nm (λR, Table 7.2). Absorption and emission maxima 
exhibited progressive red-shifting from P7.1 through P7.4, as anticipated on the basis of 
the chromophore segments incorporated.  
Thin film absorption spectra of P7.1−P7.4 are shown in Figure 7.5.  P7.1−P7.4 
films showed emission broadening compared with solutions and were more pronounced 
with the fluorene (P7.1 series) and p-phenylenevinylene (P7.2 series) polymers (Figure 
7.6).  Emission spectra for P7.1 and P7.1’ films displayed a ca.19 nm red shift in λem to 
560 nm, in addition to broadening of emission onset to near 600 nm.  An even larger red 
shift of 38 nm was noted in emission of P7.2 films (620 nm), and broadening leads to 
emission onset near 650 nm.  Films of P7.3 series produced negligible red shifts 
compared with solution emission; however, noticeable emission broadening of the films 
at the onset energy of ca. 650 nm was observed.  A larger percentage of rigidifying 1,2-
difluoroethylene groups lead to greater emission band broadening in thin films versus 
their more flexible analogues within the P7.1 (Figure 7.6a) and P7.3 (Figure 7.6c) series.  
As anticipated, rigidity effects are more pronounced in films due to differences in 
chromophore aggregation.338,339 while rigidity does not noticeably impact emission in 
dilute solution where emission derives from essentially independent chromophores 
(Figure 7.7). 
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Table 7.2.  Optical properties of polymers P7.1−P7.4. 
polymer Abs λR (nm)a THF (film) 
PL λmax (nm) 
THF (film) 
% Z = 
CF=CFb ΦF THF 
P7.1 260 (270) 310 (329) 80 0.09c
P7.1’ 260 (260) 311 (328) 22 0.12c
P7.2 393 (393)  443 (481)  73 0.10d
P7.3 376 (376) 457 (459) 83 0.24d
P7.3’ 376 (372) 453 (459) 53 0.15d
P7.3’’ 376 (378)  455 (458)  7 0.18d
P7.4 380 (384)  492 (492) 70 0.56d
a λR refers to the absorption maximum for the π−π* transition 
attributed to chromophore units R shown at the bottom of Scheme 
7.3.  b Determined by 19F NMR peak integration; ca. 1.2:1 (Z):(E) 
isomers.  c Referenced to D−tryptophan in water at pH 7.2 (ΦF = 
0.14).340  d Referenced to quinine bisulfate in 1 N H2SO4 (ΦF = 
0.546).341 
 
 
Overall, polymers P7.1−P7.4 produced large Stokes shifts of 50−112 nm and 
59−108 in solutions and as thin films, respectively. This similarity in solution and thin 
films suggests the aryl ether polymer matrix that shrouds the excited chromophore 
segments, thus eliminating effective inter- or intrachain communication.25 Polymers, 
P7.1, P7.3, and P7.4 produced nearly the same Stokes shifts in solution and film, whereas 
P7.2 gave a Stokes shift of 50 nm in solution and 88 nm as a thin film. 
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 Figure 7.4.  Absorption (a) and emission (b) spectra of polymers P7.1−P7.4 in THF 
solution (ca.1 mg/mL).  
 
 
 
Chain flexibility also influences the photoluminescence quantum yield (ΦF) of 
fluorescent polymers.  Rigid materials tend to produce higher ΦF values in π-conjugated 
polymers as compared to more flexible systems; this phenomenon has been attributed to 
attenuation of vibrational contributions to nonradiative decay pathways.25 However, 
solution ΦF values within nonconjugated polymer series P7.1 and P7.3 were similar, 
indicating that these materials are not subject to the same type of interference as rigid π-
conjugated emissive materials. Overall, solution ΦF values ranged from 0.09−0.56 for 
P7.1−P7.4, the highest value observed for the thiadiazole incorporated polymer (P7.4). 
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 Figure 7.5.  Absorption spectra of polymers P7.1−P7.4 as thin films (ca. 150−200 nm 
thick). 
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 Figure 7.6.  Comparison of normalized emission spectra of polymer series: (a) P7.1; (b) 
P7.2; (c) P7.3; and (d) P7.4 in THF solution (ca. 1 mg/mL) and thin film (ca. 150−200 
nm thick). 
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Figure 7.7.  THF solution (ca. 1 mg/mL) emission of polymer series (a) P7.1 and (b) 
P7.3. 
 
 
Electroluminescence Properties 
Polymers P7.1−P7.3 were tested for electroluminescence (EL) by preparing a device 
using generally accepted fabrication procedures shown in Figure 7.8.  The device was 
assembled by spin coating the polymer layers with a thickness ca. 60−100 nm onto 
indium tin oxide (ITO) with final sputtered layer of Ca/Al.  The FAE polymers 
(P7.1−P7.3) served as the electron transporting layer (ETL) and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) served as the hole-
transporting layer (HTL).  An applied electric field creates holes (i.e., radical cations) in 
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the polymer HTL and electrons (i.e., radical anions) in the polymer ETL.  The diffusion 
of the holes and electrons are driven by the applied electric field and ultimately 
recombine at the HTL/ETL interface to produce a neutral excited state.  This excited 
state, called an exciton, decays and emits a photon which can be quantitatively measured 
using a candela meter.  The ability to achieve EL with low turn-on voltages is one of the 
key preliminary factors that render the efficiency of the transport layers to move charge. 
 
+_
FAE polymer
Ca/Al
Metal electrode
ITO coated glass
PEDOT/PSS
ITO
ITO
Metal electrode
 
Figure 7.8.  Device fabrication using chormophore modified FAE polymers as the 
electron transport layer.  
 
 
 
 As shown in Figure 7.9, fluorene-containing polymer P7.1 did not produce any 
turn-on voltage.  The phenylene- and bithiophene-modified polymers (P7.2 and P7.3) 
showed turn-on voltages at 2.4 and 5.0 V, respectively.  However, no measured 
luminescence was observed even at the maximum applied voltages.  A number of factors 
can contribute to the observed results such as polymer purity, amount of chormophore 
incorporation, poor hole/electron mobility due to mismatch of band-gap energies of HTL 
and ETL, etc.  Given the preliminary studies of the EL testing of FAE polymers, 
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additional work in this area would be warranted if many of the aforementioned factors are 
addressed. 
  
 
Figure 7.9.  EL testing of devices prepared from polymers P7.1, P7.2, and P7.3. 
 
 
 
Fluorescent Anion Sensing of Thiophene Modified FAE Polymer 
Materials with chromophores encapsulated in predominately nonconjugated polymer 
matrix have been used for sensory applications as shown by the examples in the 
introductory section of this chapter.  Furthermore, examples have shown chromophore 
receptors functionalized with electron-withdrawing moieties such as fluorine have 
demonstrated higher affinity for anions versus a nonfluorinated polymer system.342  
These reports prompted the idea that chromophore-enriched, semifluorinated FAE 
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polymers may be suitable as potential chemical sensors.   Partial results of this section 
pertaining to thiophene-modified FAE polymers P7.3 for anion sensing have been 
previously published.50  
Screening of polymer solutions (THF) of P7.2 and P7.3 for anion sensing showed 
the thiophene-modified polymer P7.3 exhibited visual “by eye” responses to 
tetrabutylammonium (TBA) salts of fluoride (F−) and cyanide (CN−) over other anions of 
Cl−, Br−, I−, AcO−, PO43−, P2O74− and HSO4− (Figure 7.10).  In the control experiment, 
phenylenevinylene-modified polymer P7.2 resulted in no selective responses to this anion 
screening.  Many signal transduction events for the detection of F− include quantitative 
measurement of colorimetric, fluorescent, and/or redox responses. 343-345  In the case with 
F−, the response of the guest−host binding event is due the interaction of the anion (host) 
and H-bonding from the guest material.346  A poor H-bond donor would result in no 
response to anions.  As anticipated, this was the case with the electron-rich chromophore 
encapsulated system of polymer P7.3.     
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Figure 7.10.  Qualitative visual “by eye” anionic binding responses of P7.3 to excess 
tetrabutylammonium anions in THF solution under an UV lamp (320 nm) (top) and in 
natural light (bottom). 
 
 
 
These preliminary studies revealed polymer P7.3 exhibits a selective turn-on 
absorption response to F− ion (Figure 7.11).  Upon addition of excess 
tetrabutylammonium fluoride (TBAF) (80 equiv) to a THF solution of P7.3, a new 
absorption feature develops at 452 nm, while the putative π−π* transition at 370 nm 
remains essentially unchanged.  Polymer P.3 showed little photoluminescence upon 
excitation at 452 nm; however, upon addition of 1 equiv TBAF an immediate 16-fold 
increase in integrated emission intensity was observed with an attendant 40 nm red shift 
in emission maximum (from 480 to 520 nm) (Figure 7.12).  Based on further UV-vis 
studies, the response of P7.3 was selective for F– over Cl−, Br−, I−, AcO−, PO43−, P2O74− 
and HSO4−.  Similar UV-vis absorption responses were observed with the titration of 
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P7.3 with TBACN (Figure 7.13).  However, 1 equiv addition of TBACN only resulted in 
a 0.9-fold emission enhancement.   
 
 
 
Figure 7.11.  Solution (THF) absorption of P7.3 before and after addition of TBAF 
(denoted as F−).   
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Figure 7.12.  Solution (THF) emission at 452 nm excitation of P7.3 before and after 
addition of TBAF (denoted as F−).   
 
 
 
 
Figure 7.13.  Solution (THF) absorption of P7.3 before and after addition of TBACN 
(denoted as CN−).   
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The F− and CN− binding constants (Kd) to P7.3 determined by the method of 
Benesi-Hildebrand347 from UV-vis analysis were 4.5 × 10−5 and 6.7 × 10−5, respectively.  
Fluorescence titration produced Kd values of 7.7 × 10−5 and 5.6 × 10−5 for F− and CN−, 
respectively.  These were in fair agreement with those determined by UV-vis analysis.  
The strong binding of F− was experimentally proven further when in the presence of other 
anions.  Similar UV-vis responses of those shown in Figure 7.11 were observed when 1 
equiv F− was added in the presence of pretreated solutions with 2 equiv of Cl−, Br−, I−, 
AcO−, PO43−, P2O74− and HSO4−.  Even in the presence of CN−, addition of F− resulted in 
ca. 5% deviation in the emission response ratio due its stronger binding affinity. 
The performance of thiophene-modified polymer P7.3 as a F− sensor was 
evaluated in terms of the of the Z-substituted ether linkage.  As shown in the previous 
sections of this chapter, flexibility imparted by the Z = CF=CF or CHFCF2 did not affect 
solution quantum yields.  However, compared with thiophene-modified FAE polymers 
enriched with mostly Z = CF=CF (52% and 83%), the predominately Z = CHFCF2 (with 
7% residual CF=CF) enriched analog only produced only a 0.8-fold emission 
enhancement upon the addition of 1 equiv F−  (Figure 7.14).  Nonetheless, selectivity was 
still preferential for F− and showed less than a 20% variation in integration emission with 
other anion titrations.  Therefore, the presence of 1,2-difluoroethylene enrichment is 
required to facilitate efficient sensing capability of polymer P7.3.  This may be due to the 
rigidity imparted by the −CF=CF− groups which is known to strongly influence the 
fluorescence of polymers. More flexible materials are known to have lower quantum 
yields due to increased vibrational effects to nonradiative decay pathways.339,348  
 259
O O O
n
O RCF=CF CF=CF
O O O
n
O RCHFCF2 CF2CHF
 =R
S
S
16-fold emission enhancement
83% & 52% –CF=CF–
0.8-fold emission enhancement
7% –CF=CF–  
Figure 7.14.  Depiction of bithiophene-modified FAE polymers enriched with 1,2-
difluoroethylene and hydro-1,1,2-trifluoroethane segments and their resulting effects on 
emission enhancement.  
 
 
 
 The nature of F− binding toward thiophene-modified polymer P7.3 was studied.  
It was reported by X-ray diffraction F− binds by way of H-bonding with the 3H atom of 
the thiophene unit.349  These examples showed that an additional H-bonding donor was 
required to facilitate a stable binding complex.  In this case, the thiophene chromophore 
unit tethered by an electronegative fluoroethylene/vinylene ether segment further 
strengthens binding.  The mechanism of F− binding via H-bonding was further proven by 
the addition of water to a THF solution of P7.3 lead to a decrease in emission intensity.     
 In this section, it was shown the thiophene-modified polymer P7.3 showed 
selective responses to F− and CN−.  As a sensor material, further work should include the 
development of thin film strips with the ability to sense anions in aqueous media.  The 
current sensor system is limited to detection in organic solvents.  The details of the H-
binding mechanism influenced by substitution of Z = CF=CF or CHFCF2 produced 
interesting observations which also require additional experimental studies in addition to 
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understanding the reversibility of the binding events.  Polymer P7.3 as a chemosensor for 
anions could be envisioned for commercial and military applications.  This could 
specifically include, although not limited to, F− detection at water treatment facilities, 
monitoring of F− in osteoporosis treatments,350,351 or nerve agent detection since F− is a 
hydrolysis by-product of nerve agents (i.e., Sarin).352   
 
Ion Sensing of Bipyridyl Functionalized FAE Polymer and Metallopolymer 
Derivatives 
 
Prompted by the findings from the previous section and the ability to modularly install 
chromophores in FAE polymers, the capability to produce a modular family of sensors 
was further pursued.  Specifically, the preparation of bipyridine-modified FAE polymers 
that enables chleation of metals and maintains processability and thermal stability would 
produce metallopolymers complimenting a myriad of applications.  Bipyridine is one of 
the most commonly used organic-based chelates for transition and lanthanide metal 
cations.  Metallopolymers derived from bipyridine have found suitable use as redox 
materials, controlling polymer morphology, or templates for ordered networks.    Portions 
of this section pertaining to bipyridyl-modified FAE polymer P7.5 and it metallopolymer 
derivatives have been previously reported.51  
 1,4-Bis(p-hydroxystyryl)-2,5-dihexyloxybenzene monomer (M7.5) was prepared 
in good yield from Horner-Wittig coupling of 4-(tert-butyldimethylsiloxy)benzaldehyde 
with 5,5’-bis(bromotriphenylphosphoniummethyl)-2,2’bipyridine (Figure 7.15).  
Isomerization of the crude mixture to the desired (E)-isomer was accomplished with 
TsOH which also deprotected the TBDMS group affording the free phenol.   
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Figure 7.15.  Synthesis of bipyridine-functionalized bisphenol as monomer M7.5. 
 
 
 
 Polymer P7.5 was prepared following similar protocol outlined for P7.1−P7.4 
described in the previous sections of this chapter (Figure 7.16).  The optimized 
polymerization conditions required a phenol monomer feedstock of 90 mol % 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (6F bisphenol A, where R = (CF3)2) with 10 mol % 
M7.5 in order to achieve good polymer film forming properties. Moderate number-
average molecular weight of polymer P7.5 was achieved (Mn = 22,800) with an agreeable 
monomodal distribution (Mw/Mn = 2.8).  P7.5 showed good thermal stability by TGA 
analysis with a Td (at 10 wt % loss) of 420 °C and 426 °C in nitrogen and air, 
respectively.  The pyridine-modified polymer P7.5 showed good solution processability 
in common organic solvents and is entirely amorphous as shown by DSC analysis (Tg = 
92 °C).  19F NMR analysis indicated a composition of Z = CF=CF content of 73%.    
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Figure 7.16.  Bipyridine-modified FAE polymer P7.5.  
 
 
 Solution (in THF) and spin cast thin film UV-vis and emission of polymer P7.5 is 
shown in Figure 7.17. Solution and thin film UV-vis analysis showed two absorption 
maxima at ca. 250 nm and 370 nm due to π−π* transitions.  A slight red-shift of the 220 
nm band to 245 nm was observed comparing solution and thin film absorption.  Emission 
spectra of the solution and thin films were obtained by excitation at 370 nm, the 
contribution of the bipyridyl chromophore.  Emission maxima were obtained at 415 nm 
and 450 nm for solution and thin film of polymer P7.5.  The resulting red-shift of 35 nm 
is a result of rigidity and is more pronounced in films due to differences in chromophore 
aggregation.338,339 
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Figure 7.17.  Solution (THF, ca. 1 mg/mL) and thin film (100−150 nm) UV-vis (left) and 
emission (right) spectrum of FAE polymer P7.5.   
 
 
 
 Bipyridyl-modified polymer P7.5 was screened for responses to metal ions (as 
salts of perchlorate, ClO4−) in THF solution by UV-vis and emission spectroscopy 
(Figure 7.18).  The absorption band at ca. 370 nm did not significantly change upon the 
addition of alkali or alkali earth ions (Na+, K+, Mg2+, and Ca2+).  However, noticeable 
red-shifts were observed upon the addition of transition and lanthanide ions (Co2+, Cu2+, 
Zn2+, Cd2+, and Hg2+) with the largest shift of 32 nm for Cu2+.  These observations are 
consistent with red-shifting due to the 20° twist of the bipyridine unit’s dihedral angle by 
metal coordination to form a planar, fully conjugated conformation (Figure 7.19).353,354  
The bipyridyl unit’s affinity for binding (Kd) was measured using various metallated 
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polymers of P7.5 (or P7.5-M2+).  Of the metal ions studied (M2+ = Co2+, Cu2+, Zn2+, Cd2+, 
and Hg2+), Zn2+ showed the strongest affinity for polymer P7.5.  Furthermore, it was 
demonstrated Zn2+ had stronger binding to P7.5 than with 2,2’-bipyridine.  This affinity is 
presumable due to the electron-donating ability of the p-vinylaryloxy units than 
covalently anchor the bipyridine segments in the polymer backbone of P7.5.  
  
 
 
Figure 7.18.  Solution UV-vis spectra of P7.5 in THF (ca. 1 mg/mL) and the resulting 
changes in absorbance in the presence of 20 equiv of indicated metal ions (P7.5-M2+ or 
P7.5-M+).   
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Figure 7.19.  Unbound bipyridine-modified polymer P7.5 (top) and subsequent anion 
coordination with metal ions as monodentate (lower left) and bidentate (lower right) 
forms. 
 
 
 
It has been shown metallopolymers have a dependence on counteranions.  
Therefore, the Cu- and Zn-metallated polymers (P7.5-Cu2+ and P7.5-Zn2+ bound with 
ClO4− counteranions) were studied for selective anion binding since they demonstrated 
the highest binding affinity and thus the highest emission quenchers.  Of the common 
anions screened (F–, Cl−, Br−, I−, CN−, PO43−, CH3COO− and HSO4− as 
tetrabutylammonium salts), titrations up to 10 equiv showed only F− and CN− produced 
noticeable changes in the UV-vis and emission spectra.  The metallopolymer of P7.5-
Cu2+ was the highest emission quencher and showed the highest emission enhancement 
response upon the addition of F− and CN−.  Addition of 30 µM of F− and CN− produced a 
540-fold enhancement in fluorescence.  Similar applications noted in the previous section 
for thiophene-modified polymer P7.3 are actively pursued including the development of 
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thin film test strips or hand-held devices for environmental and biologically hazardous 
monitoring.   
 
 
Conclusion 
A new class of solution processable semiconjugated fluorinated aryl ether polymers have 
been prepared.  These FAE polymers can be modularly functionalized with chromophore 
segments affording tunable photoluminescence in solution and thin films.  The ability to 
modularly install chromophores would lead to the possibility of preparing mixed 
chromophore systems producing materials capable of hole or electron transport and white 
light emission.  Since these polymers possess excellent solubility in organic solvent, these 
materials would compliment current casting techniques for device fabrication.  
Furthermore, these materials would improve thermal stability increasing the lifetime of a 
device.  Also demonstrated in this chapter, precursory studies have shown these polymers 
possess unique capability for optical sensing.  The PPV modified polymer (P7.2) was not 
discussed in much detail in this chapter.  However, initial qualitative studies have shown 
that P7.2 has shown responses to nitroaromatics.  Based on the selection chromophore, 
these polymers can be prepared for specific application encompassing a modular family 
of sensors (Figure 7.20).  
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Figure 7.20.  Modular family of chromophore-modified FAE based polymers and 
potential applications.  
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CHAPTER 8 
 
SULFONATED FLUOROETHYLENE/VINYLENE ARYL ETHER POLYMERS  
FOR PROTON EXCHANGE MEMBRANES 
 
Introduction  
The membrane electrode assembly, which is the heart of a fuel cell, includes a proton 
exchange membrane (PEM) that selectively allows conduction of protons and resists the 
flow of electrons.355,356  Dupont’s Nafion® has served as a platform for development of 
perfluorosulfonic acid ionomer based PEMs (Figure 8.1).357  However, degradation of 
conductivity and mechanical properties above 110 °C (the glass transition temperature) 
for Nafion® is problematic for high temperature fuel cells, particularly for automotive 
applications.  In addition to having high proton conductivity, low permeability to 
reactants, and chemical stability, suitable PEM materials must also exhibit long-term 
thermal stability and low water uptake under high temperature and variable humidity 
conditions.  Thus, the development of alternative, low cost PEM materials exhibiting 
improved conductivity and durability over a wide range of humidity and temperature 
conditions is critical to the future of automotive fuel cell technology.358    
 
 
CFCF2 CF2CF2
OCF2CFOCF2CF2SO3H
CF3
n m
 
 
Figure 8.1.  Repeat structure of Nafion®. 
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Several new alternative fluoropolymer electrolytes are of interest for improved 
mechanical and thermal stability.359,360  Specifically, McGrath reported increased thermal 
stability and significantly reduced water uptake in PEMs by incorporating the 
hexafluoropropane linkage into the backbone of sulfonated poly(arylene ether sulfone)s 
(SPAES).361  DesMarteau has also reported use of perfluorosulfonimide ionomers 
synthesized via copolymerization of perfluorovinylethersulfonimide monomer with 
tetrafluoroethylene.362  These ionomers have higher temperature stability and show better 
proton conductivity than Nafion®.  
Perfluorocyclobutyl (PFCB) aryl ether polymers are well known engineering 
thermoplastics and can also be employed as thermosets.   They represent a unique class of 
semifluorinated high performance polymers that provide excellent solution and melt 
processability.58  As shown in Scheme 8.1, PFCB aryl ether polymers are prepared more 
commonly by the step-growth thermal [2 + 2] cyclodimerization of 
bis(trifluorovinyloxyether)biphenyls  (Route A) or by condensation of 1,2–
bis(arylether)hexafluorocyclobutyl halide and bisphenol monomers (Route B).3,4   Due to 
their low dielectric constant, high thermal and oxidative stability, and chemical 
resistance, PFCB aryl ether polymers possess the desired properties for the applications 
as PEM materials.  To illustrate their utility, PFCB aryl ether polymers functionalized 
with sulfonimide acids produced novel processable polymers with measured 
conductivities comparable to Nafion®.30   
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Scheme 8.1.  General preparation of PFCB aryl ether polymers by step-growth [2 + 2] 
cyclopolymerization (Route A) or by condensation polymerization with reactive PFCB 
aryl ether intermediates (Route B). 
 
 
 
In Chapter 6, it was shown that nucleophilic additions of commercial bisphenols 
to 4,4'-bis(4-trifluorovinyloxy)biphenyls produce processable fluoroelastomers 
possessing tandem thermally initiated chain extension and crosslinking.46  In this chapter, 
an extension of this work by the preparation of a PFCB aryl ether containing polymer 
P8.1 via the condensation of monomer 4,4'-((1,2,3,3,4,4-hexafluorocyclobutane-1,2-
diyl)bis(oxy))bisphenol (bisphenol T) with 4,4'-bis(4-trifluorovinyloxy)biphenyl (Scheme 
8.2).  As a result of this, polymer P8.1 afforded a new platform for processable, 
semifluorinated sulfonated polymers for PEM applications.  This chapter and previously 
published work47 describes the synthesis and characterization of this novel PFCB aryl 
ether polymer and the conductivity of its sulfonated analogue.   
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Scheme 8.2.  Step-growth polymerization of 4,4'-((1,2,3,3,4,4-hexafluorocyclobutane-
1,2-diyl)bis(oxy))bisphenol (bisphenol T) with 4,4'-bis(4-trifluorovinyloxy)biphenyl 
affording chain extended polymer P8.1. 
 
 
 
Results and Discussion 
 
Synthesis and Characterization  
 
Preparation of polymer P8.1 was based on optimized step-growth condensation of 4,4'-
((1,2,3,3,4,4-hexafluorocyclobutane-1,2-diyl)bis(oxy))bisphenol (bisphenol T) with 4,4'-
bis(4-trifluorovinyloxy)biphenyl at 80°C for 18 h.  Polymer P8.1 was prepared with high 
number-average molecular weight (Mn = 13,200) and narrow polydisperisty (Mw/Mn = 
2.1) producing solution processable transparent, flexible films.  Polymers were 
reproducibly prepared in high yields (80−87%).  Employing these polymerization 
conditions produced a mixture of hydro-1,1,2-trifluoroethane (Z = CHFCF2) and 1,2-
difluoroethylene (Z = CF=CF) as ca. 1.2:1 (Z):(E)-isomers.  As shown in Figure 8.2, 19F 
NMR provides a diagnostic tool for measuring the degree of “Z” along the polymer 
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backbone.  The hydro-1,1,2-trifluoroethane (Z = CHFCF2) moiety is represented by a 
broadened AB pattern at −85.9 ppm (CHFCF2) and an unresolved dt at −138.5 ppm (J = 
55.9 Hz, CHFCF2).  The (Z)-fluoroolefin peaks are resolved as two sets of doublets at 
−121.5 ppm and −122.0 ppm (J = 42.3 Hz).  The (E)-fluoroolefin overlaps with the 
cyclobutyl-F6 peaks over the range −127.6 to −131.1 ppm.  Based on peak integration, the 
polymer possessed ca. 83% 1,2-difluoroethylene (Z = CF=CF) content.  The remaining 
hydro-1,1,2-trifluoroethane moiety is a result the protonation of the anion generated 
during the sodium phenoxide addition to the aryl trifluorovinyl ether (TFVE) moiety.  
The proton source is presumably derived from adventitious water in addition to free 
phenol.  
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Figure 8.2.  19F NMR (in CDCl3) of the conversion of aryl TFVE monomer to polymer 
P8.1. 
 
 
 
Differential Scanning Calorimetry 
 
Differential scanning calorimetry (DSC) analysis of polymer P8.1 showed a glass 
transition temperature (Tg) of 64 °C after the second reheating to 200 °C at 10 °C/min in 
nitrogen (Figure 8.3).  The thermal crosslinking utility of the 1,2-difluoroethylene (Z = 
CF=CF) enriched polymers was demonstrated using polymer P8.1.  For example, Figure 
8.3 showed the Tg was advanced to 83 °C (an increase of 21 °C) after heating polymer 
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P8.1 to 350 °C at 10 °C/min in nitrogen, producing an insoluble network.  The onset of 
crosslinking was observed at 320 °C using DSC analysis.  The ability of these amorphous 
fluoropolymers to thermally crosslink without the use of initiators or post curing agents 
may find application as melt or solution processable resins for other thermosetting 
applications.   
 
 
 
Figure 8.3.  DSC scan of polymer P8.1 before (Tg = 64 °C) and after thermal 
crosslinking (Tg = 83 °C). 
 
 
 
Thermal Properties 
 
Thermal gravimetric analysis (TGA) was performed on polymer P8.1 in both nitrogen 
and air to determine the thermal stability (Figure 8.4).  In nitrogen, two onsets of 
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decomposition were observed at a heating rate of 10 °C/min.  The first onset in nitrogen 
at 312 °C resulted in 8.8% mass loss; this is indicative of the crosslinking event and is 
consistent with the aforementioned exotherm event using DSC analysis.  Upon further 
heating, catastrophic loss is observed at 405 °C resulting in an overall char yield of 45%.  
On the other hand, TGA in air resulted in two decomposition plateaus, albeit the initial 
onset at 313 °C resulted in 6% mass loss followed by catastrophic decomposition at 440 
°C.  It is believed the results of TGA in air oxidizes the internal 1,2-difluoroolefins (Z = 
CF=CF) groups, which undergoing a stabilizing skeletal rearrangement event before 
decomposition.306  As a consequence, this oxidation event competes with crosslinking 
resulting in higher decomposition temperatures compared with those observed in 
nitrogen.   
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Figure 8.4.  TGA trace of polymer P8.1 in nitrogen and air. 
 
 
 
Sulfonation 
 
Polymer P8.1 was sulfonated using fuming sulfuric acid in DCM as solvent media.  
Sulfonation is expected to take place at the electron-rich benzene rings via electrophilic 
aromatic substitution (Figure 8.5).  Based on 19F NMR studies, the fluoroolefins of 
sulfonated polymer SP8.1 were unaffected at various degrees of sulfuric acid 
concentration.  1H NMR analysis of sulfonated polymer SP8.1 did not show convincing 
evidence for regioselective sulfonation.  
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Figure 8.5.  Sulfonated PFCB aryl ether polymer SP8.1.  
 
 
 
Various degrees of sulfonation (7.40−27.4%) were obtained by controlling the 
equivalents of sulfuric acid (Figure 8.6).  Ion exchange capacity (IEC) values were 
measured using back titration method of sulfonated polymer solutions; these values 
ranged 0.51−1.78 mequiv/g.  Degrees of sulfonation greater than those optimized at 
27.4% produced undesired water-soluble polymers.   
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Figure 8.6.  Plot of degrees of sulfonation and IEC versus the equivalents of oleum of 
sulfonated polymer SP8.1.   
 
  
As shown in Figure 8.7, 1H NMR analysis shows the sulfonation of polymer P8.1 
to SP8.1 with corresponding measured IEC value of 1.7 mequiv/g (27% degree of 
sulfonation).  Sulfonated polymer P8.1 showed the appearance of a new peak at 8.02 ppm 
shifted downfield from the nonsulfonated aryl protons with multiplets observed at 7.80–
7.41 ppm and 7.42−7.15 ppm.  The observed peak at 8.02 ppm is diagnostic of aryl 
protons adjacent to neighboring sulfonic acid moieties on the α-carbon.   Based on 1H 
NMR, peak integration corresponded to a 25% degree of sulfonation which is in 
agreement with titration studies for measuring IEC values. 
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Figure 8.7.  1H NMR in DMSO-d6 of polymer P8.1 (a) and sulfonated polymer SP8.1 
(b). 
 
 
 
Membrane Preparation and Surface Characterization 
 
A membrane was prepared for conductivity testing by solution casting sodium-
neutralized polymer SP8.1 (IEC = 1.78 mequiv/g) in a minimal of N,N-
dimethylacetamide (DMAc) directly onto a Teflon substrate.  Film thickness was 
controlled using a doctor blade and films were slowly dried at room temperature, 
producing a transparent, flexible film (ca. 200−300 nm thick).  The sodium-neutralized 
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polymer was converted to the acid form by soaking in 1 M H2SO4 for 24 h, rigorously 
washed with deionized water, and dried in a vacuum oven at 60°C for 24 h.  Figure 8.8 
shows the appearance of the sulfonated polymer SP8.1 and the corresponding SEM 
analysis of the film.  As shown by SEM analysis, the appearance of micrometer-sized 
pinholes is prevalent on the film surface.  These pinholes may attribute to low 
conductivity as observed from impedance spectroscopy (vide infra).  Figure 8.9 shows 
the energy dispersive X-ray spectroscopy (EDS) analysis of the sulfonated polymer film 
with accompanying fluorine and sulfur atom map overlays.  The overlays confirmed good 
surface area coverage of sulfonated sites on the surface of the polymer film.   
 
 
 
 
Figure 8.8.  Picture of sulfonated polymer film SP8.1 (left) and SEM image of the film.  
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Figure 8.9.  SEM micrograph (left) of sulfonated polymer SP8.1 and corresponding 
elemental map using EDS analysis of fluorine (middle) and sulfur (right).  
 
 
 
Conductivity Measurement 
 
Electrochemical impedance measurements on the developed film of polymer SP8.1 
produced a maximum conductivity of 0.011 S/cm at 80°C and relative humidity (RH) of 
100%.  For comparison, Nafion® was measured to produce the same proton conductivity 
at 40% RH (Figure 8.10).   
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 Figure 8.10.  Conductivity measurement performed at 80 °C versus relative humidity of 
sulfonated polymer SP8.1 in comparison with Nafion 112. 
 
 
 
Water Uptake and Volume Swelling 
 
The dried membrane of polymer SP8.1 prepared for conductivity measurements was 
tested for water uptake and volume swelling with a 24 h immersion in deionized water.  
The membrane water uptake and volume swelling employing the method by McGrath 
was 159.5% and 52.4%, respectively.363  Selected dimensions of SP8.1 membrane before 
and after deionized water uptake are shown in Table 8.1.   
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 Table 8.1.  Water uptake dimension changes of membrane SP8.1. 
SP8.1 membrane (dry) 
membrane 
(wet) 
dimension 
change (%) 
height (mm)  30.0  35.0  16.7 
width (mm)  42.0  50.0  19.0 
thickness (mm)    0.82    0.90    9.8 
weight (g)    0.070    0.205 192.8 
 
 
 
Conclusion 
 
A new PFCB aryl ether containing polymer was prepared as a transparent, film-forming 
polymer via the condensation of commercial bisphenols and 
bis(trifluorovinyloxyether)biphenyls.  DSC analysis shows the ability to thermally 
crosslink the PFCB aryl ether polymer, increasing the Tg by 21 °C after curing at 350 °C.  
TGA analysis demonstrated the thermal robustness of PFCB aryl ether containing 
polymers, showing excellent stability at 405 °C and 440 °C in nitrogen and air, 
respectively.  The preparation of the sulfonated polymer as flexible, free-standing films 
was confirmed using 1H NMR spectroscopy.  The highest degree of sulfonation 
determined by measuring IEC values was 27% before rendering it water-soluble.  
Conductivity tests revealed a maximum conductivity of 0.011 S/cm at 100% relative 
humidity (RH) comparable to Nafion® at 40% RH.  Better conductivity could possibly be 
achieved by improving surface morphology such as reducing the presence of pinholes 
observed by SEM analysis.  Surface morphology of PEMs, in particularly for Nafion®, is 
important for conductivity.357   
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CHAPTER 9 
 
FABRICATION OF GLASS-LIKE CARBON MICROSTRUCTURES  
FROM BIS-ORTHO-DIYNYLARENES 
 
Technology of Microstructures  
The miniaturization of functional components is an evolving area of technology with 
profound implications on quality of life.  The most preeminent example of such course 
transpired in the electronics industry nearly sixty years ago when the vacuum tube was 
replaced by the ever-shrinking transistor.364  The consequence of this event spawned a 
revolution of miniaturization in order to fabricate micro- and nanometer scaled structures 
for related electronic technologies including integrated circuits and the microprocessor.   
 
Microelectromechanical Systems (MEMS) 
Parallel technologies were then produced by the well-established area of 
microelectromechanical systems (MEMS) and related fields.365  The accelerometer as a 
sensor for air bag actuators is the first commercial product from MEMS technology.  
Other successful marketable areas include biosensors for chemical and biological agents, 
high throughput drug screening, communications, micro-fluidic devices, mechanical 
resonators, and micro-optics.  At such dimensional scales of a micrometer (millionths of 
a meter, 10−6 m), the laws of classical physics breaks down.  Due to MEMS’ large surface 
to volume ratio, electrostatics, tribology, and wetting dominate volume effects such as 
inertia and mass.   
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The manufacture of MEMS components utilizes modified semiconductor 
fabrication practices those used for electronics, particularly microchips.  Traditional 
MEMS materials include silicon, polymers, and metals. Silicon is used in integrated 
circuits for consumer electronics and is a very reliable material that suffers little fatigue 
and has extended life cycles on the order of millions. Patterning of silicon is typically 
performed with electron beam (or e-beam) lithography.  In contrast to the high cost of 
pure crystalline silicon, polymers have been used for MEMS as a cost-effective 
alternative and are more easily processed either by injection molding, embossing, or soft 
lithography techniques.  Metals have also been used for microcomponents by means of 
electroplating, evaporating, or sputtering; however, they suffer from mechanical 
limitations.  
 
Challenges for Microstructure Fabrication 
Given the successful technologies developed from MEMS, many challenges still persist 
in this field.  The vast majority of microsystems are still fabricated using layer by layer 
technology instituted by the microchip industry. The fabrication involves costly start-up 
capital for lithography equipment and clean room facilities.  It furthermore requires 
extensive expertise in the field and is processing limited to available starting materials.  
The ability to prepare round shapes (e.g., tubes or channels) is intuitively obvious for a 
multitude of consumer-driven applications, but from a practical standpoint, it is very 
difficult.  While the state-of-the-art techniques such as X-ray lithography for preparing 
3D objects produce precise structural control and dimensional tolerance, they are limited 
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to a layered approach on a flat surface. This method requires successive building-up and 
etching away multiple layers of contrasting materials without damaging the previous 
layers.   
 
Current Work in 3D Microstructure Fabrication 
Soft lithography is one of the pioneering methods used to prepare 3D features with 
precise dimensional control without the necessary requirement of flat wafers.366,367  
Specifically, soft lithography includes the methods such as micro contact printing (µCP), 
replica molding (REM), microtransfer molding (µTM), micromolding in capillaries 
(MIMIC), and solvent-assisted micromolding (SAMIM).  Other fabrication methods have 
been used to prepare micrometer-sized tubes by way of extruding or drawing material 
into desired diameters and lengths.  Lower diameter limits of 2 µm have been fabricated 
from quartz tubing for chromatographic separations.   The preparation of multi-walled or 
single-walled carbon nanotubes (MWCNTs or SWCNTs) by arc plasma discharge or 
vapor deposition grown produces tube diameters of 1−30 nm and limited to lengths of 
20−30 µm.368,369  However, such methods for preparing MWNTs or SWNTs produce 
tubes with imprecise control of aspect ratio (width:height or diameter: length).   
Since the late 1990’s, the Air Force Research Laboratory has developed a fugitive 
chemical vapor deposition (CVD) process that employs a sacrificial mandrel to develop 
nano- and micrometer-sized tubes.370  The process has substantial utility such that 
micrometer-sized tubes can be fabricated from practically any material into a range of 
lengths with precise control of wall thickness, inner wall roughness, and internal 
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diameters as little as 5 nm.   Many shapes have been fabricated from a practical 
standpoint including, but not limited to coils, bellows, solid monolithic structures with 
micrometer-sized channels, manifolds, actuators, nozzles.370,371  The area of microtube 
technology is further expanded in this chapter in order to prepare micrometer-sized 3D 
glass-like carbon-based MEMS from mold processable carbon precursors, namely from 
bis-ortho-diynylarene (BODA) monomers, with precise diameters and high aspect ratios.   
 
Carbon-Carbon Materials  
Of the many allotropes of carbon shown in Figure 9.1, several types are employed as bulk 
materials high performance engineering applications.  Carbon-carbon (CC) materials are 
extensively used for high performance applications due to their lightweight, high 
mechanical strength properties.  Their development began in the late 1950’s under the U. 
S. Air Force space plane program and NASA’s Apollo space projects.372  These materials 
were also down selected since they met the criteria for the Space Shuttle Program and 
were of intense research.   
In general, carbon-carbon composites consist of fibrous carbon in a carbonaceous 
matrix that can take on 1D to nD forms.373  The two components contain carbon 
consisting of crystalline graphite (Figure 9.1b) to amorphous carbon (Figure 9.1c).  The 
carbon fibers are typically prepared by pyrolizing solution or melt spinnable organic 
precursors such as poly(acrylonitrile), rayon (or cellulose), or petroleum-based 
mesophase pitch.  These pyrolized fibers which are removed of volatile organics are then 
stabilized by further thermal treatment with oxygen (220−280 °C) to produce a thermoset 
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material.  The stabilized material is then carbonized (< 1700 °C) and sometimes 
graphitizied (ca. 3000 °C).  
Other allotropes of carbon, particularly MWCNTs and SWCNTs (Figure 9.1e), 
have been used as nanometer-sized fillers in carbon-based polymer composites for high 
performance applications.  As explained in the aforementioned section, the preparations 
of these are performed either by arc discharge or CVD, but only in small batch quantities.   
Glass-like carbon is class of vitreous, nongraphitizing carbon that is primarily 
used as electrodes.374  The structural model has been proposed as a turbostratic, ribbon-
like structure with voids due to imperfect packing (Figure 9.1c).375  Since it has short-
range order, it suffers from poor mechanical strength.  However, glass-like carbon, unlike 
amorphous carbon, is impermeable to gases, chemically inert, and has excellent oxidation 
stability at elevated temperatures.  These are commonly prepared by subjecting cellulose 
or phenolic resin at high temperatures up to 3000 °C.  Of interest to this chapter, bis-
ortho-diynylarene (BODA) monomers are another class of organic precursors for glass-
like carbon.  As it will be demonstrated in the subsequent sections, BODA is particularly 
useful since it can produce 3D objects from molds with minimal dimensional shrinkage 
and in high carbon yield.    
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Figure 9.1.  Five allotropes of carbon: (a) diamond, (b) graphite, (c) amorphous carbon, 
(d) C60 (Buckminsterfullerene or buckyball), and (e) single-walled carbon nanotube 
(SWCNT).  (Reprinted with permission under the terms of the GNU Free Documentation 
License, Version 1.2 or any later version published by the Free Software Foundation © 
2000, 2001, 2002 Free Software Foundation, Inc. 51 Franklin St, Fifth Floor, Boston, MA  
02110-1301  USA.) 
 
 
Bis-ortho-diynylarenes 
Bergman has shown that enediynes undergo concerted thermal annulations via a 1,4-
diradical intermediate to form functionalized aromatic systems (Figure 9.2).376  Electron 
paramagnetic resonance (EPR) spectroscopy has shown the evidence and nature of the 
diradical species involved during BODA cyclopolymerization.377  Tour demonstrated 
enediynes can undergo thermally induced cyclopolymerizations forming linear 
poly(phenylenes) and poly(naphthalenes).378  Linear poly(arylenes), however, are 
c 
d e
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inherently difficult to process into carbon-based structures due to their low molecular 
weight and insolubility, albeit many examples demonstrate good atom economy 
producing high glass-like carbon yields.379-381   
 
 
R R RR RR
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Figure 9.2.  Linear Bergman cyclizations of o-aryldiynes to poly(naphthalenes). 
 
Bis-ortho-diynylarene (BODA) monomers undergo Bergman 
cyclopolymerizations376,382 to form hyper-branched, rigid naphthalene networks that can 
be further carbonized at 1000 °C to form glass-like carbon in high yield (> 80 %) (Figure 
9.3).383  Glass-like carbon materials are ideal for microstructure applications (microtubes, 
microarrays, etc.) because of their good thermal stability, electrical conductivity, gas 
impermeability, and low coefficient of thermal expansion.384  Specifically, BODA-
derived glass-like carbon has shown utility for thin film dielectrics,383 photonic 
materials,385 precursors for carbon fibers,386,387 and micrometer scale structures formed by 
micromolding in capillaries (MIMIC).387,388  Thermally advanced BODA-derived 
oligomers have also been used as hosts for the solution processing of multilayer 
fullerenes, carbon nanoonions (CNOs).389  In this case, BODA monomers were 
covalently linked on the sp2 carbon surface of CNOs via the thermal diradical formation.  
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A recent consolidated review has been published illustrating the chemistry of BODA-
derived glass-like carbon.390  
 
X
R
RR
R
150−250°C X
R
R
R
R
n
Processable intermediate
XR
R R
R
n m
450 °C
Polynaphthalene network
1000 °C
Glass-like carbon
BODA monomer
X = O, C(CF3)2
R = H, Ph, C(CH3)2OH, Si(CH3)3
 
Figure 9.3.  Thermal Bergman cyclopolymerization of bis-ortho-diynlarene (BODA) 
monomers. 
 
 
 
The unique ability to melt or solution process the cured intermediate (Figure 9.4) 
is a key feature to producing free standing 3D structures.  The spacer (X) and terminus 
(R) can be functionalized in order to tune the range of processing temperatures and 
wetting capabilities.  As shown in subsequent sections, the degree wettability of oligomer 
melts on heated glass substrates was shown to be dictated primarily by the terminus (R) 
group. 
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Figure 9.4.  Melt or solvent processing properties of BODA monomers can be varied by 
nature of substitution of the spacer or terminus group. 
 
 
These BODA monomers are easily prepared from bulk commodity bisphenols in 
good yields (Scheme 9.1).383 Bisphenols are selectively o-brominated followed by 
quantitative triflate esterfication to give aryl dibromide ditriflate intermediates in good 
yield (> 75%).  Sonogashira Pd coupling391 of the intermediate with functionalized 
terminal alkynes affords the BODA monomers in isolated yields > 80%.   
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Scheme 9.1.  Synthesis of BODA monomers from commercial phenols. 
 
It is the goal of this chapter to demonstrate the fabrication of carbon 
microstructures from glass molds, the BODA-derived glass-like carbon exhibits excellent 
shape retention, ability to fill micron-sized voids, and has minimal dimensional shrinkage 
during carbonization allowing the production of near net-shaped components.   
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In order to facilitate fabrication of carbon microstructures employing MIMIC 
techniques from BODA monomers, it is important to understand their physical properties 
and interaction with mold materials.  Therefore, complimentary studies were performed 
to understand optimized cure cycles and surface wetting interactions of BODA 
oligomers.  Furthermore, the mechanism of carbonization, density of heat treated glass-
like carbon, and thermal expansion of BODA derived glass-like carbon is also 
investigated.  The partial results of this work have been reported elsewhere.392 
 
Physical Properties of Glass-Like Carbon Derived From BODA 
Thermal Cure  
BODA monomers M9.1−M9.4 were selected for microstructure fabrication due to 
varying degrees of processing characteristics such as thermal cure times, wettability, and 
carbonization (Figure 9.5).  The BODA monomers were prepared by established 
procedures.383  
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Figure 9.5.  BODA monomers as precursors for high yield glass-like carbon. 
 
Thermal cure analysis on BODA-derived glass-like carbon has been thoroughly 
investigated using a differential scanning calorimeter (DSC).393  These results are shown 
in Table 9.1.  However, studies on heat treatments to form glass-like carbon has not yet 
been investigated.  Herein, we report the characterization of BODA-derived glass-like 
carbon systems and their thermal carbonization coefficient of thermal expansion (CTE). 
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Table 9.1.  Cure temperatures for BODA 
monomers as determined by DSC. 
X
R
RR
R
M9.1−M9.4
 
monomer R X Tcure
M9.1 Ph — 299 ºC 
M9.2 Ph C(CF3)2  302 ºC 
M9.3 Ph O 299 ºC 
M9.4 C(CH3)2OH C(CF3)2 290 ºC 
 
 
 
Wettability  
Molds suitable for fabrication of BODA-derived carbon microstructures must posses a 
high degree of structural integrity during thermal treatments as well as be easily 
machined into desired shapes and sizes.  Mold materials were first screened based on the 
how easily the BODA-derived carbon structure can be removed without using any 
machining or harsh chemical etching treatments.  Table 9.2 shows the physical adhesion 
characteristics of carbonized BODA to various mold materials based on the 
aforementioned criteria.  Borosilicate glass and mullite (aluminum silicate) showed the 
most desirable adhesion properties.  As demonstrated later in this chapter, glass was used 
to prepare solid rods and hollow tubes whereas mullite was employed for sample 
preparation in the carbonization and thermal expansion studies. 
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Table 9.2.  Degree of physical adhesion of 
BODA-derived carbon to mold machinable 
mold materials. 
 
  mold material adhesion 
borosilicate  none 
Steel, 316 SS moderate 
brass moderate 
Al foil moderate 
Al2O3 moderate 
mullite (Al-Si) none 
 
 
 As shown later, using glass as mold materials produced excellent near net-shaped 
components.  One of the benefits of using BODA-derived oligomers as precursors to 
glass-like components is their ability to possess a large thermal processing window.  In 
addition, cured oligomers still possess functional moieties that have varying degrees of 
surface wetting properties.  Therefore, BODA-derived oligomers can be melt drawn or 
solvent drawn, for example, into glass via capillary action forming shaped components.  
The degree of surface wetting was measured using contact angle measurements on platen 
borosilicate glass.  As shown in Figure 9.6, the contact angle is the measure of the 
internal angle tangent to the drop edge and the surface.  Low angles (< 20º) constitute a 
liquid completely ‘wetting’ the surface whereas high liquid angles (> 90º) are considered 
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‘non-wetting’.  This behavior (shown in Chapter 3) is a result of the energy balance 
between the solid’s surface energy and the liquid drop’s surface tension.   
 
θ
BODA  
oligomer 
Heated glass 
plate at 250 °C 
 
Figure 9.6.  Test apparatus for determining BODA-derived oligomer wettability on glass. 
Schematic shows a drop of BODA-derived oligomers dispensed by a heated syringe onto 
a heated glass plate at 250 °C.  
 
 
 
 Table 9.3 shows the results of the degree of wetting of melted BODA oligomers 
on heated platen glass at 250 ºC.  Each oligomer was optimally cured to produce a 
viscous melt that can be syringed onto the heated glass.   These conditions simulate 
microstructure fabrication conditions when these oligomers are melt or solution 
processed in glass molds. 
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Table 9.3.  Contact angle of oligomers from BODA monomers M9.1, M9.2, and 
M9.4 on glass pre-heated to 250 ºC. 
 
X
R
R
R
R
n
 
 
 
monomer R X cure conditions contact angle (θ) 
M9.1 Ph — 150 ºC, 2 h 41.65º ± 2.05º 
M9.2 Ph C(CF3)2 175 ºC, 15 min 38.87º ± 3.64º 
M9.4 C(CH3)2OH C(CF3)2 175 ºC, 15 min 34.87º ± 1.08º 
 
 
Monomer M9.1 gave the highest contact angle; testing monomers M9.2 and M9.4 
showed a 6.7% and 16.3% decrease in contact angle, respectively.  This increased 
wetting is anticipated, particularly for monomer M9.4, since the hydroxyls group on the 
terminus hydrogen bond with Si-OH groups on the glass.  This wetting effect is 
consistent with the hydrophilic effects observed in previous work for infiltrating 
micrometer-sized silicate structures of photonic crystal structures.385  
 
Carbonization  
Comonomers were prepared by mixing with a mortar and pestle a 1:4 weight ratio of 
M9.2 and M9.3 (denoted comonomer A or CM A) as well as M9.2 and M9.4 (denoted 
comonomer B or CM B).  Comonomers A and B were the focus of this investigation 
because they demonstrate accelerated cure times at lower temperatures compared with 
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individual monomers M9.2–M9.3.394  A representative carbonization of cured BODA 
comonomer A is shown in Figure 9.7.  It shows the onset of carbonization temperature 
(Tonset), as determined graphically by the initial dimensional change in sample length.   
 
 
Figure 9.7.  Example of a single carbonization cycle to 1000 °C of BODA comonomer A 
using vertical push rod dilatometry.  The linear dimensional shrinkage is observed as a 
function of time. 
 
A 9.7% and 13.5% dimensional contraction was observed in length and diameter, 
respectively.  The dimensional contraction is a result of carbonization due to the thermal 
removal of volatile organic groups at 550 °C.  After heating to 1000 °C, the carbon yield 
was determined to be 81%.  In another experiment, holding the carbonization at 1000 °C 
for 24 hours produced no further dimensional change within the instrument’s detectable 
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limits.  Monomer M9.1 and comonomer B show similar dimensional changes during the 
carbonization step; carbon yields were 83% and 8% for monomer M9.1 and comonomer 
B, respectively. These results are consistent with carbon yields obtained for other BODA-
derived carbonized structures reported elsewhere.383 
In the initial efforts to fabricate BODA-derived glass-like carbon for 
microstructures, it was very difficult to remove the cured poly(naphthalene) network 
material from glass molds using chemical etching without degrading the material.  
Furthermore, significant mechanical fracture of BODA-derived materials resulted during 
carbonization due to CTE mismatch with the glass molds.  To resolve this issue, 
additional studies showed heating comonomers A and B to Tonset and holding this 
temperature for six days produced a semi-carbonaceous material.  Interestingly, these 
conditions produced a similar carbon yield compared to the aforementioned monomer 
and comonomers carbonized yields at 1000 °C.  Glass molds can therefore be easily 
etched away using dilute HF; chemical treatment of this semi-carbonized material with 
dilute acid (H2SO4, HCl, HF) and organic solvent (THF, ethanol, acetone) showed no 
evidence of physical degradation.  The sample was then subjected to full carbonization by 
heating to 1000 °C to produce the fully carbonized material with an overall carbon yield 
of 74%.    
 
Volume Expansion of BODA-Derived Glass-Like Carbon 
Glass-like carbon undergoes irreversible volume expansion during heat-treatment 
resulting in materials with lowered density.395-397  As shown in Table 9.4, the densities for 
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samples heat-treated to 1000 °C are similar to glass-like carbon derived from phenolic 
resin and polyfurfuryl alcohol resins ranging 1.608–1.651 g/cm3.  Increasing temperature 
treatments from 1000 °C to 1500 °C on BODA-derived glass-like carbon decreased the 
density further by 6.5% and 4.9% for comonomers A and B, respectively (Table 9.4).  
Heat treating comonomer B to 1700 °C further reduced the density by 9.2%.  Heat 
treatments at 1700 °C produced a metallic-like luster on the sample surface with the 
appearance of macro-sized pores unsuitable for material fabrication.  The carbon yield 
after such a heat treatment was 50%. 
 
Table 9.4.  Density analysis of BODA-derived 
glass-like carbon. 
 
BODA 
precursor HTT (°C) 
density 
(g/cm3) 
    M9.1        1000  1.608 
    CM A        1000  1.627 
    CM A        1500  1.520 
    CM B        1000  1.651 
    CM B        1500  1.547 
    CM B        1700  1.405 
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Coefficient of Thermal Expansion  
Thermal expansion studies were performed to determine BODA compatibility with mold 
materials as solution or melt processed oligomers.  Table 9.5 shows commercially 
available materials that can be easily machined and withstand curing cycles at elevated 
temperatures.  We anticipate BODA-derived carbon materials to have similar CTE values 
compared with those derived synthetically from polyacrylonitrile (PAN) or from 
petroleum stock pitch based systems.  As demonstrated in wettability studies, quartz has 
shown to be an ideal mold for our pursuit of microstructure fabrication.  Thermal 
expansion studies will attempt to determine CTE of BODA-derived glass-like carbon 
using various functionalized monomers.  
 
Table 9.5.  Thermal expansion coefficients 
of commercial materials.  
 
material CTE (×10−6 K−1) 
polymers    40−200 
aluminum    23 
316 Stainless    12 
quartz (glass)    0.5 
invar (Fe-Ni)    0.7 
glass-like carbon    0.5−1.0 
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The coefficient of thermal expansion (CTE) for bulk materials can be determined 
graphically as the slope plotted from change of sample length relative to the change in 
temperature (Equation 1).  Equation 1 can be rearranged to solve for CTE as shown in 
Equation 2. 
 
       (1) 
 = α ∆T
Lo
∆L
 
 
α = 1
Lo
• ∆Lk – ∆Lo∆Tk – ∆To (2) 
 
The CTEs of the carbonized BODA samples were measured over a range of 
programmed temperatures (Figure 9.8).  Nonlinear regions were observed for temperature 
ranges 20−300 ºC.  This behavior is due to the signal instability of the dilatometer over 
low temperature ranges.  Linear CTE plots have been interpolated to include this range 
because the regression error analysis is minimal (R2 > 0.80). 
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 Figure 9.8.  CTE profiles of monomer M9.1 and comonomers A (CM A) and B (CM B) 
over temperature range. 
 
 
 
Table 9.6 illustrates the CTE analysis for monomer M9.1 and comonomers A and 
B with varying degrees of heat temperature treatment (HTT).  Monomer M9.1 showed a 
notably higher Tonset than comonomers A and B.  The CTE values are lower for samples 
initially heated to 1500 °C than for samples carbonized lower at 1000 °C.  It is also worth 
noting that the carbon yield of comonomer B after being carbonized to 1500 °C reduced 
slightly by 65%.  Carbonizing cured comonomer B to 1500 °C showed CTE values 
within 0.08 (×10−6 C−1) over the ranges 20–1000 °C and 20–1500 °C.   
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Table 9.6.  CTE analysis of BODA monomer M9.1 and comonomers A and B. 
monomer/ 
comonomer 
Tonset 
(°C) 
HTT 
(°C) 
CTE α 
(×10−6 °C −1) 
std dev 
(×10−6 °C −1) 
CTE 
Range 
(°C)  
carbon 
yield (%) 
M9.1 575 1000  6.92 0.68 20−1000  83 
CM A 545 1000  3.33 0.25 20−1000  81 
CM B 540 1000  3.20 0.50 20−1000  81 
CM B 535 1500  2.85 0.31 20−1000  65 
CM B 535 1500  2.93 0.45 20−1500  65 
 
 
Heating cured BODA comonomer A and B to 1500 °C produced small graphitic 
regions as seen by scanning tunneling microscopy (STM) analysis shown in Figure 9.9 
and Figure 9.10, respectively.  STM analysis confirmed hexagonal distances of 2.46 Å on 
the Basal plane.  Lower CTE values for comonomer B heated to 1500 °C in comparison 
to samples heated to 1000 °C are a result of carbon reorientation to form an increase in 
short-range order inducing stronger π–π stacking interactions to form a more dense 
material.   
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 Figure 9.9.  STM of comonomer A showing regions with graphitic structure. 
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 Figure 9.10.  STM of comonomer B accenting regions with graphitic structure. 
 
The beginnings of an increase in short-range order were observed by X-ray 
diffraction analysis (Figure 9.11) for BODA comonomer B.  This observation is 
consistent with short range ordered glass-like carbon structure as seen with similar 
BODA-derived systems.398   Evidence of an increase in short-range order at 1500 °C is 
unique since typical short-range ordered glass-like carbon typically does not re-order and 
partially graphitize until temperatures approach 3000 °C.399  However, the ordering of 
glass-like carbon has been reported as low as 1400 °C under high pressure at 5 GPa.400  
As determined by STM, no evidence of ordering was observed for samples heated to 
1000 °C. 
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Figure 9.11.  X-ray diffraction patterns for BODA-derived comonomer B as a function 
of HTT. 
 
 
Fabrication of Microstructures 
Vacuum Drawing  
Understanding the carbonization kinetics as demonstrated in the carbonization studies 
section proved useful towards the fabrication of microstructures of solid rods.  In 
particularly, this methodology provided the means to fabricate carbonized fibers as small 
as 25 µm diameter with various lengths (100−400 µm) in glass molds using monomer 
M9.1 as a precursor.   
The solid fibers were fabricated by using a vacuum drawn technique that draws 
up the neat oligomer (ca. Mn = 5,000−8,000) or concentrated oligomer solution of M9.1 
(ca. 50−60 wt % solids in THF) of M9.1 melt or solution into quartz fibers with I.D. of 
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20 µm or 50 µm (Figure 9.12).  Commercial quartz fibers coated with poly(imide) were 
used but were initially heated to 900 °C in a Lindberg tube furnace for 2−4 h to remove 
the polymer coating.  The quartz fibers were fitted with onto a 23 gauge metal needle 
(I.D. of 0.3 mm) attached to a commercial MARIVAC vacuum pick-up system designed 
for SEM microscopy.  The vacuum was applied and the quartz fiber with attached needle 
is dipped into the BODA-derived oligomers melt or solution.  The filled quartz fiber were 
placed in programmed curing cycles typically 400−500 °C for 2−4 h.  The quartz fiber 
was typically removed by soaking it in 2% HF aqueous solution for 24 h, exposing the 
cured BODA-derived oligomer.  
 
 
Figure 9.12.  Molten BODA-derived oligomer or concentrated solutions are drawn into 
sized glass capillaries under reduced pressure.  The entrained oligomer is cured and the 
glass capillary is chemically or physically removed.  
 
 
 
 
Applied  
vacuum 
Remove chemically Cure to form rigid Fill with molten 
or physically, then Poly(naphthalene) or powdered  
carbonize network at temp oligomer 
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Furthermore, it has been previously demonstrated the fabrication of rods and 
tubes as large as 650 µm diameter with no perceived upper diameter utilizing M9.2 limit 
as also shown in Figure 9.13.386,387  Such an attractive approach means that miniature 
carbon components can be produced over a wide range of dimensions without using 
oxidation treatments to stabilize the structures as is required for PAN- or pitch-based 
systems.401  
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Figure 9.13. SEM of (a) 25 µm diameter solid fiber prepared from M9.1, (b) 50 µm 
diameter solid fiber prepared from M9.1, (c) 650 µm diameter solid fiber, and (d) 400 µm 
inner diameter hollow tube. 
 
 
 
Microcapillary Molding 
 
Attempts to fabricate hollow tubes fabricated using the technique described for solid rods 
were unsuccessful, producing fractured carbonized hollow tubes with no appreciable 
length or diameter uniformity.  Due to slight CTE mismatches between quartz molds and 
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BODA-derived poly(naphthalene) networks during heat treatments (up to 1000 ºC) 
fractured carbonized structures were produced due to thermal stress.  An alternate attempt 
to fabricate hollow tubes employed using microcapillary borosilicate glass arrays.  A 
BODA-derived oligomer melt or solution was poured onto a glass array; pore filling 
proceeded via capillary action.  The pore filled array was cured and then carbonized.  The 
glass array was finally etched away using HF.  This method has been successful for the 
production of poly(tetrafluoroethylene) (PTFE) based nanotubes.402   
Figure 9.14 and 9.15 shows SEMs of monomer M9.1 pore filling after cure cycles 
using melt and solution, respectively.  Melt pore casting after curing produced 
exclusively filled pores which could be used to prepare solid rods.    
 
 
Figure 9.14.  SEM of neat pore filling after curing oligomers from monomer M9.1 at 
various magnifications.  The reflective regions with concentric circles represents filled or 
partially filled pores (denoted by arrows) with cured oligomer of M9.1 and the black 
regions are unfilled. 
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 Solvent casting a THF solution (5 wt% solids) of an oligomer of M9.1 filled an 
average of 1 in 10 filled pores to produce the desired hollow tubes (ca. 0.40−50 µm thick) 
after etching away the glass molds with HF.  In addition, solvent pore filling using 
oligomer of M9.4 produced a comparable yield of hollow tubes. 
  
 
Figure 9.15.  Pore filling after curing of a 5 wt % solution in THF of oligomerized 
monomer M9.1 as shown by SEM (left) and optical microscope photograph illustrating a 
coated cavity (right). 
 
 
  
 Figure 9.16 shows SEM analysis of carbonized at 550 °C for 2 h microarray mold 
prepared by the solution casting method.  EDS analysis confirms the presence of 
elemental carbon of the carbonized coating.  Attempts to control thickness of the coatings 
were unsuccessful employing solvents with varying degrees of volatility such as THF, 
CHCl3, or cyclopentanone.   
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Figure 9.16.  Carbonized network of monomer M9.1 coated within glass template array 
(left), zoomed in view of coated mold (middle), and EDS analysis of this region with 
false color red revealing coating is enriched with elemental carbon (right). 
 
 
Conclusion 
The thermal expansion of BODA-derived glass-like carbon has been investigated using 
dilatometry.   Carbonized BODA comonomers exhibit similar CTE over a range of 
elevated temperatures that are comparable with other glassy carbon materials 
commercially available.  These findings were useful for determining compatibility with 
materials for microstructure fabrication.  Dilatometry has also provided insight to the 
thermal carbonization of BODA poly(naphthalenes).  The onset of carbonization can be 
determined for each cured polymer and provides a means for manipulating thermal 
cycling.  
Using vacuum transfer molding or glass microarrays as templates for the 
preparation of glass-like carbon solid rods and hollow tubes proved moderately 
successful. Hollow tubes were difficult to fabricate with any degree of control over 
thickness and length with as melt- or solvent drawn processing. However, glass-like 
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carbon solid rods were fabricated using the vacuum draw technique with no apparent 
upper limit.  Future work is being directed towards other methodologies in order to 
produce hollow tubes on the submicrometer to nanometer scale.  This study would 
include the preparation of complex glass-like carbon solid or hollow structures (i.e., Z, L, 
U) from BODA monomers.   
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CHAPTER 10 
 
EXPERIMENTAL 
 
 
 
Methods 
 
General 
 
HPLC grade THF and reagent grade Et2O were dried and deoxygenated by passage 
through a Pure-Solv solvent purification system equipped with Cu/Al columns from 
Innovative Technologies.  Anhydrous DMF was further dried by storage over anhydrous 
MgSO4 under a nitrogen atmosphere.  Glassware and syringes were flamed-dried and 
allowed to cool in a desiccator prior to use.  Syringes fastened with needles were flushed 
with nitrogen prior to use.  All reactions and solvent transfers were carried out under an 
atmosphere of nitrogen.  Air- and moisture-free manipulations were carried out in a 
MBraun Labmaster glove box under nitrogen circulation.  
 
 
Ion Exchange Capacity  
 
IEC and degrees of sulfonation measurements were performed according to previously 
published procedures.403  As a representative example, polymer SP8.1 (20 mg) was 
immersed in deionized water (100 mL).  NaCl (1.0 g) was added to the solution and 
allowed to stir for 5 min.  Phenolphthalein indicator was added and the IEC value 
determined from the reduction of the alkalinity by back titration with NaOH (0.01 M).  
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Density Measurements of Carbonized BODA Derived Networks 
Densities of carbonized BODA samples were determined by a sink-float method using 
sodium polytungstannate and distilled water as the medium.  The final density was 
determined as the average of the solution density reported in triplicate. 
 
Materials  
Chemicals and solvents were purchased through Aldrich unless otherwise noted and 
purified using reported procedures.404  1-bromo-4-(trifluorovinyloxy)benzene,                 
1-methoxy-4-(trifluorovinyloxy)benzene, 4-(trifluorovinyloxy)benzoic acid,                    
4,4'-bis(4-trifluorovinyloxy)biphenyl, 2,2-bis(4-trifluorovinyloxybiphenyl)-1,1,1,3,3,3 
hexafluoropropane, 4,4'-((1,2,3,3,4,4-hexafluorocyclobutane-1,2-diyl)bis(oxy))bisphenol 
(bisphenol T), and PFCB aryl ether oligomers or homopolymers were donated and are 
also commercially available from Tetramer Technologies, L.L.C. and distributed through 
Oakwood Chemicals, Inc.   
(3-Heptafluoroisopropoxy)propyltrichlorosilane, (3,3,3-trifluoropropyl)trichloro-
silane, (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane, and (heptadecafluoro-
1,1,2,2-tetrahydrodecyl)trichlorosilane were purchased from Gelest and used without 
further purification.   Hexafluoroisobutene, propylheptafluoroisobutylethertrichlorosilane, 
and 1H,1H,2H,2H-perfluorododecyltrichlorosilane were obtained from SynQuest 
Fluorochemicals.   Asahiklin AK-225 (HCFC-225) was obtained from SPI supplies. 
Trisilanolcyclopentyl-POSS (4.1), trisilanolisobutyl-POSS (4.2), and 
octaisobutyl-POSS (used for blending with PFCB aryl ether polymers entitled blend) 
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were donated by the Air Force Research Laboratory (Edwards AFB, CA) and are also 
commercially available through Hybrid Plastics.   
Synthesis and characterization of BODA monomers M9.1–M9.4 were reported 
elsewhere.383  Monomer M9.4 was donated by Dow Chemical.  Comonomers were 
prepared by mixing with a mortar and pestle a 1:4 weight ratio of M9.2 and M9.3 
(denoted comonomer A or CM A) as well as M9.2 and M9.4 (denoted comonomer B or 
CM B).   
 
Microarray Pore Filling of BODA Derived Oligomers 
Lead borosilicate capillary arrays were used as templates for microtube and microfiber 
applications and were obtained from Schott Fiber Optics.  Array dimensions were 20 mm 
x 20 mm x 2 mm containing 22,248 pores, 100 µm in diameter. 
 
Instrumentation 
Nuclear Magnetic Resonance (NMR) Spectrometry 
1H, 13C{1H}, 19F, 19F{1H}, and 29Si NMR data were obtained using a JEOL Eclipse+ 300 
or Bruker AXS SMART APEX and chemical shifts were reported in part per million (δ 
ppm).  1H NMR was internally referenced to tetramethylsilane (δ 0.0), 13C{1H} NMR 
chemical shifts were reported relative to the center peak of the multiplet for CDCl3 (δ 
77.0 (t)), and 19F NMR was referenced to CFCl3 (δ 0.0).  29Si NMR was referenced to 
tetramethylsilane (δ 0.0) and was recorded with inverse-gated proton decoupling with a 
six second pulse delay.   
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Infrared Spectroscopy 
Attenuated total reflectance-Fourier transform infrared (ATR–FTIR) analysis of neat 
samples was performed on a ThermoNicolet Magna IR 550 FTIR spectrophotometer with 
a diamond crystal mount.  
 
Combustion Analysis 
Combustion analysis (C, H, O, F) was obtained from Atlantic Microlab, Inc., P.O. Box 
2288, Norcross, GA 30091.  Reported values are within ± 4% of the analytical calculated 
value. 
 
Mass Spectroscopy 
High resolution mass spectra (HRMS) was obtained at the Mass Spectrometry 
Laboratory, School of Chemical Sciences, University of Illinois, Urbana-Champaign, IL 
61801 using a high resolution Micromass FAB 70-SE-4F.   
 
Chromatography 
Flash column chromatography was performed using Sorbent Silicagel (230-450 mesh, 
Sorbent Technologies). Thin layer chromatography (TLC) was carried out on polyester or 
Al support plates coated with silica gel 60F254 (Aldrich). Visualization was achieved by 
staining with I2 on silica, CAM, potassium permanganate, or under exposure to UV lamp. 
Gel permeation chromatography (GPC) data were collected using polystyrene as a 
standard (Polymer Labs Easical PS-2) using a Waters 2695 Alliance System with a 
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photodiode detector for samples in CHCl3 or a Waters 515 HPLC pump coupled with a 
Waters 2414 refractive index detector for samples in THF.  GPC samples were eluted in 
series through Polymer Labs PLGel 5 mm Mixed-D and Mixed-E columns at 35 °C.  
Gas chromatography (GC) coupled with mass spectrometry (MS) was performed 
on a Shimadzu GC–17A gas chromatograph coupled with a Shimadzu QP5000 mass 
spectrometer (EI at 70 eV) with initial temperature of 60°C at a ramp of 10 °C/min. 
 
Thermal Analysis (DSC, TGA, and Mp) 
Differential scanning calorimetry (DSC) analysis and thermal gravimetric analysis (TGA) 
were performed on a TA Q1000 instrument and Mettler-Toledo 851 instrument, 
respectively.  Glass transitions temperatures (Tg) of polymers were obtained from the 
second or third heating cycle using DSC analysis at a temperature ramp of 10 °C/min. 
Pyrolysis analysis was carried out on Frontier Lab single-shot at 500 °C interfaced with 
the GC–MS.  Melting points were determined using a Mel-Temp melting point apparatus 
or by DSC. 
 
Contact Angle Measurements 
Contact angle measurements performed using a Ramé-Hart 100-00 115 Goniometer used 
deionized water or hexadecane drops (8−10 µL) that were manually dispensed from a 50 
µL syringe.  Contact angle measurements were determined by visual assessment using a 
protractor installed on the instrument’s eye scope.  The values were reported as an 
average of three areas on different portions of the film surface.   
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Contact angle analysis performed on a FDS Dataphysics Contact Analyzer 
System was determined via the software suite or via graphical fitting of the contact 
tangents in the captured image.  Both approaches gave the same nominal value within ± 2 
degrees. Static contact angle values reported were an average of three values measured on 
various areas of the coated surface.   
 
Electron Microscopy 
Transmission electron microscopy (TEM) micrographs and energy dispersive X-ray 
spectroscopy (EDS) data were obtained from a Hitachi STEM HD-2000 200 kV.  
Transmission electron microscopy (TEM) micrographs were obtained from a Hitachi 
H9500 with accelerating voltage of 300 kV at the Clemson University Electron 
Microscope Facility.  Samples were prepared by casting polymer solutions from THF 
onto copper TEM grids and allowed to dry in a desiccator 24 h prior to use.   
Atomic force microscopy (AFM) measurements were performed in tapping mode 
by a Digital Instruments Dimension 3100 Scanning Probe Microscope.   
Scanning electron microscopy (SEM) was performed using an ISI CL6. 
 Elemental mapping was performed using energy dissipation X-ray analysis with IXRF 
Systems analysis.  
Scanning tunneling microscopy (STM) measurements were performed by a 
Digital Instruments Nanoscope III.  
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Powder X-Ray Diffraction 
X-ray powder diffraction (XRD) was performed using a Scintag 2000 system with a 
voltage of 24 kV using a CuKa source.   
 
Single X-Ray Diffraction 
Crystallographic data for all structures have been deposited in the Cambridge 
Crystallographic Data Center (CCDC).  Assigned CCDC numbers of compounds are 
located within the chapter text and in this chapter’s following subsections. Copies of the 
crystallography data can be obtained, free of charge, from CCDC, 12 Union Road, 
Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk).  A summary of selected 
crystal data is located in Appendix B.  
X-ray intensity data for compounds (E)-5.3, (E)-5.5 and 5.10 were obtained from 
the Molecular Structure Center (Clemson University) and were collected using a Rigaku 
Mercury CCD detector and an AFC8S diffractometer. Data reduction, including the 
application of Lorentz, polarization, and absorption corrections, was performed using the 
CrystalClear program. These structures were solved by direct methods and subsequent 
Fourier difference techniques, and refined anisotropically, by full-matrix least squares, on 
F2 using SHELXTL405 6.10.  Hydrogen atom positions were calculated from ideal 
geometry with coordinates riding on the parent atom.   
Data for fluorinated POSS compounds FP (or 3.2), FH, FO, FD, and 3.8 were 
obtained from the Air Force Research Laboratory (Edwards AFB, CA) and collected 
using a Bruker 3-circle, SMART APEX CCD.  Data collection, corrected for Lorentz and 
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polarization effects, was performed using SAINT V 6.22 program. These structures were 
solved by direct methods and subsequent Fourier difference techniques, and refined 
anisotropically, by full-matrix least squares, on F2 using SHELXTL405 6.10.  Hydrogen 
atom positions were calculated from ideal geometry with coordinates riding on the parent 
atom.   
 
Surface Profilometry 
Surface analysis and roughness measurements (root-mean-square, RMS) were performed 
on a Zygo NewView 6300 3D white light optical profiling system.  Polymer film 
thicknesses were on average ca. 150−200 nm as measured by an Alpha-Step 200 Profiler. 
 
Electrochemical Impedance  
Impedance spectrum was recorded from 20 kHz to 0.1 Hz using Solatron 1280. All 
measurements were performed at 80 °C at a relative humidity range from 0–100%. 
 
Optical Spectroscopy 
General absorbance and emission (or photoluminescence (PL)) data for quantum yields 
(ΦF) were collected using a Varian Cary 50 Bio ultraviolet−visible (UV–vis) 
spectrophotometer and a Varian Cary Eclipse spectrofluorometer.  Samples for 
absorbance and emission spectra had a path length of 1 cm in Spectrosil quartz cuvettes, 
with volumes of 3 mL.  Thin film absorption and emission data were collected on a 
Perkin-Elmer Lamda 950 spectrophotometer and Jobin-Yvon Fluorolog Tau-3 
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spectrofluorometer, respectively.  Slit widths were kept constant for emission 
measurements.  Quantum yields were determined by established procedures.406 
 Refractive index measurements were performed on a Metricon 2010 using prism 
coupled reflectometry.  
 
Anion Selectivity of P7.3 
A 3.0 mL aliquot of a 1 mM P7.3 solution in THF was added to each of nine quartz 
cuvettes.  To each cuvette was added 1 equiv (30 µL aliquot of a 0.1 M stock solution) of 
an anion salt. The salts used for analysis were tetrabutylammonium fluoride (TBAF), 
tetrabutylammonium cyanide (TBACN), tetrabutylammonium hydrogen sulfate 
(TBAHS), tetrabutylammonium chloride (TBACl), tetrabutylammonium iodide (TBAI), 
tetrabutylammonium bromide (TBAB), tetrabutylammonium phosphate (TBAP), 
tetrabutylammonium pyrophosphate (TBAPP), and tetrabutylammonium acetate 
(TBAA).  Changes were apparent ‘by eye’ only for TBAF and TBACN.  Absorbance and 
fluorescence spectra confirm that only TBAF and TBACN solicit any noteworthy change. 
Addition of a large excess of anion salts (saturation by addition of solid 
tetrabutylammonium salts) still did not lead to any noteworthy visible change in color or 
emission for the other anions other than a very slight darkening with TBAI. 
 
UV-vis Titration of P7.3 with TBAF  
A 3 mL aliquot of a 1 mM P7.3 solution in THF was added to a quartz cell with an 
optical path length of 1 cm. Small aliquots (3 µL) of a 0.1 M TBAF solution in CH2Cl2 
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were added to cuvette, where 3 µL represents 0.1 equiv of TBAF per chromophore in 
P7.3.  A total of 60 µL (2 equiv) of the TBAF solution were added. Progressive 
formation of two new peaks was observed at λ = 338 nm and 480 nm.  
 
PL Titration of P7.3 with TBAF 
A 3 mL aliquot of a 0.1 mM P7.3 solution in THF was added to a quartz cell with an 
optical path length of 1 cm. Small aliquots (3 µL) of a 0.01 M TBAF solution in CH2Cl2 
were added to the UV sample, where 3 µL represents 0.1 equiv of TBAF per P7.3 unit.  
A total of 60 µL (2 equiv) of the TBAF solution were added. Progressive increase of 16-
fold in integrated emission was observed upon addition of the first equivalent of TBAF. 
 
UV-vis Titration of P7.3 with TBACN 
Procedure was identical to that described above for UV titration with TBAF, using a 0.1 
M TBACN solution.  
 
PL Titration of P7.3 with TBACN 
Procedure was identical to that described above for PL titration with TBAF, using a 0.01 
M TBACN solution. Progressive increase of 0.9-fold in fluorescence emission was 
observed upon addition of 1 equiv TBACN. 
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Metal Ion Selectivity of P7.5 
A 3.0 mL aliquot of 1.5 × 10−4 M P7.5 was measured and added to an optical path length 
of 1 cm quartz cell. 4.5 × 10−4 L of 2.0 × 10−2 M metal (20 equiv) was measured and 
added to the polymer solution. Absorbance changes were observed for transition metals. 
The experiment was repeated and followed by PL spectroscopy using 3.0 × 10−7 M P7.5 
and a 5.0 × 10−7 L aliquot of the metal ion solution. 
 
Polymer Processing  
Polymer Solvent Blending 
POSS PFCB aryl ether polymer blends were prepared by dissolving the appropriate 
weight percent of fluoroalkyl POSS relative to PFCB aryl ether polymer in the minimal 
amount of hexafluorobenzene.  Although the POSS and polymer in solvent produced a 
readily homogeneous solution, the mixture was rigorously blended with a magnetic stirrer 
for five minutes.   
 
Film Preparation 
Two methods were used to prepare polymer (or blend) films.  For spin cast films, the 
dried polymer is initially applied in a minimal amount of THF onto a glass substrate and 
then spin coated at 2500−3000 RPM using a Chemat KW-4A spin coater.  The polymer 
coated substrate is dried in a vacuum oven at 60 °C for 24 h.  For drop cast films, the 
polymer dissolved in a minimal amount of THF was dispensed onto a glass plate via a 
glass pipette and a doctor blade was used to uniformly coat the surface.  The polymer 
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solution was allowed to evaporate in a glass enclosure for 48 h and then finally dried in 
an oven at 60 °C for an additional 24 h.  Spin and drop cast film thicknesses were 
approximately 1-2 µm thick and were measured by the Zygo NewView 6300 3D white 
light optical profiling system.  
For POSS powders, surfaces were prepared by dissolving the fluoroalkyl POSS in 
the minimal amount of hexafluorobenzene followed by mechanical agitation.  The 
surfaces were spin cast at 2500 RPM onto borosilicate glass plates producing a well-
adhered coating.   
 
Wettability of BODA Derived Oligomers 
Contact angles were determined using a contact angle analyzer similar to many 
commercial systems.  The in-house apparatus was assembled by fabricating a steel 
cylinder with two machined glass ports for a CCD camera and a backlight on the side.  A 
place holder was assembled on top of the cylinder to house a syringe (or other method of 
dispensing liquids).  This housing also contained a port to allow passage of nitrogen to 
purge the internal chamber.  The system was temperature controlled by a ceramic heating 
element (or high temperature heat tape) that enclosed the steel cylinder.  A removable 
tray was machined below the cylinder encasing for placement of the borosilicate glass 
slides.  The oven with glass slide in place was purged with nitrogen for 15 minutes before 
measurements were taken at 250 ºC.   
 BODA monomers were cured according to temperature and times described in 
Chapter 9 and allowed to cool to room temperature.  The solid oligomers were then 
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loaded into a glass pipette.  The oligomer filled glass pipette was mounted onto the top 
housing assembly with the tip inserted into the preheated chamber.  A Tygon hose was 
fitted onto the end of the glass pipette with an attached bulb for positive pressure 
displacement.  Once the BODA oligomers started to melt, pressure was placed on the 
bulb to force the viscous melt through the pipette onto the glass.  During this time the 
camera is in place to record the drop after it is in contact with the surface.  BODA 
oligomers noticeably harden on the heated glass plate after 5 minutes of contact. 
 
Dilatometry  
Sample Preparation 
Sample dilatometer discs were prepared by placing monomer or comonomer powder (ca. 
100 mg) in machined single bore extrusion mullite molds (Vesuvius McDaniel, 6.35 mm 
O.D. and 4.75 mm I.D.).  The monomer or comonomer was then heated in a Lindbergh 
furnace from ambient temperature to 350 °C at a ramp of 10 °C/min under a constant 
flow of nitrogen.  The samples were then further cured in the oven at 350 °C for 48 hours 
under nitrogen.  The solid disks were removed by machining away the mullite mold and 
were used without further cleaning.  The prepared cured solid disks tested for CTE were 
on average 6.35 mm in diameter and 2.34 mm in thickness. 
 
Carbonization of BODA Polymers 
A vertical Linseis dilatometer L75 with single push rod was used for carbonization and 
CTE measurements.  Cured sample disks initially underwent heating in argon from 
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ambient to 1000 °C or 1500 °C at 10 °C/min to carbonize the materials.  Carbonized 
samples were then cooled to room temperature under argon.  Carbon yields were 
measured by calculating the weight difference between an initial cured sample and the 
same sample after carbonization.   
 
Coefficient of Thermal Expansion Determination   
Carbonized samples were then reheated from ambient to 1000 °C or 1500 °C at 10 
°C/min to determine their CTE.  The CTE (α) was determined by linear graphical 
regression using the equation α ═ (1/L0)(∆L/∆T), where L0 is the initial sample length, 
∆L is the change in length from ambient to elevated temperature, and ∆T is the change in 
temperature from ambient.  Measurements were taken in triplicate for each sample and 
are reported as an average.   
 
Synthesis and Characterization of Fluorinated POSS 
Hepta(3,3,3-trifluoropropyl)tricycloheptasiloxane trisodiumsilanolate (3.1)  
The title compound was prepared by following the method of Fukuda.183  Sodium 
hydroxide (1.72 g, 43.5 mmol), deionized water (2.28 mL, 126 mmol), and THF (100 
mL, 1.0 M) were charged into a round bottom flask equipped with a reflux condenser.  
3,3,3-trifluoropropyltrimethoxysilane (19.2 mL, 100 mmol) was added drop wise to the 
homogeneous mixture at room temperature.  The vessel was placed in a preheated oil 
bath at 70 ºC and heated to reflux for 4 h.  The mixture was then allowed to cool to room 
temperature and stirring was continued for an additional 18 h.   The reflux condenser was 
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removed and the vessel was heated in air to 95 ºC to remove volatile components.  
Residual volatile components were removed by placing the system under reduced 
pressure.  The white precipitate was collected by vacuum filtration, washed with THF, 
and dried in a vacuum oven at 65 ºC for 3 h to yield the title compound as a free flowing 
white powder (13.9 g, 98%).   
 
Octa(3,3,3-trifluoropropyl)-T8-silsesquioxane (FP also denoted 3.2)  
To a stirred solution of hepta(3,3,3-trifluoropropyl)tricycloheptasiloxane trisodium 
silanolate 3.1 (4 g, 3.5 mmol) in THF (70 mL, 0.05 M) is added 3,3,3-
trifluoropropyltrichlorosilane (0.871 mL, 5.25 mmol) at room temperature.  
Triethylamine (0.488 mL, 3.5 mmol) is then immediately added drop wise to the mixture.  
The mixture was stirred at room temperature for 3 h.  After filtering the white 
precipitated salts, the filtrate was concentrated under reduced pressure.  The crude 
product was then suspended in methanol, collected by vacuum filtration, washed 
repeatedly with methanol, and dried under reduced pressure to obtain the title compound 
as a free flowing white powder (3.71 g, 76%).  Mp 234–237 ºC (from THF); 1H NMR 
((CD3)2CO, 300 MHz) δ 2.35–2.28 (m, 16H), 1.04–0.99 (m, 16H); 13C NMR ((CD3)2CO, 
75 MHz)  δ 128.1 (q, J = 274 Hz), 27.4 (q, J = 30.2 Hz), 4.0; 29Si NMR ((CD3)2CO, 59.6 
MHz) δ –67.3; 19F NMR ((CD3)2CO, 376 MHz) δ –69.8 (24F);  Anal. Calcd for 
C24H32F24O12Si8:  C, 24.16; H, 2.70; F, 38.21.  Found:  C, 24.33; H, 2.66; F, 38.45.  
Cambridge crystallographic data deposition number CCDC 629369. 
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General procedure for the synthesis of F-POSS compounds FH, FO, and FD  
To a solution 1H,1H,2H,2H-fluoroalkyltriethoxysilane (1 equiv.) in absolute ethanol was 
added a catalytic amount of KOH (0.04 equiv.) dissolved in deionized water (1.5 equiv.) 
at room temperature.  After continuous stirring for 24 h, the white precipitate was filtered 
and washed repeatedly with absolute ethanol.  The solid was collected and redissolved in 
AK-225 and residual KOH was extracted by washing repeatedly with deionized water.  
The organic layer was dried with MgSO4, filtered, concentrated, and dried in vacuum to 
afford the F-POSS compound as a white solid in nearly quantitative yield.  
 
1H,1H,2H,2H-Nonafluorooctyl8T8 (FH) 
Fluorohexyl POSS (FH) was prepared using (nonafluoro-1,1,2,2,-
tertrahydrohexyl)triethoxysilane as a precursor and was prepared employing the 
following procedure. Perfluorobutylethylene (donated by DuPont fluoroproducts) (0.25 
mol), trichlorosilane (0.30 mol), and H2PtCl6 (0.025 mol, 2 M in isopropanol) were 
charged in a sealed tube.  The vessel was purged with nitrogen, sealed, and placed in a 
preheated oil bath at 80 ºC for 24 h. The crude mixture was fractionally distilled to obtain 
the (nonafluoro-1,1,2,2,-tertrahydrohexyl)trichlorosilane as a colorless liquid (80%).  The 
pure product is then placed neat in a solution of triethylorthoformate and heated to 110 
°C for 48 h.  The mixture was fractionally distilled to obtain the (nonafluoro-1,1,2,2,-
tertrahydrohexyl)triethoxysilane as a colorless liquid (70%).  For FH, Mp 121−123;  1H 
NMR ((CD3)2CO, 300 MHz) δ 2.34–2.25 (m, 16H), 1.14–1.08 (m, 16H); 29Si NMR 
((CD3)2CO, 59.6 MHz) δ –66.9; 19F NMR ((CD3)2CO, 376 MHz) δ –82.5 (24F), −117.2 
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(16F), −125.2 (16F), −127.1 (16F).  Cambridge crystallographic data deposition number 
CCDC 608207. 
 
1H,1H,2H,2H-Tridecafluorooctyl8T8 (FO) 
Mp 120 ºC (from THF); 1H NMR ((CD3)2CO, 300 MHz) δ 2.51–2.38 (m, 16H), 1.29–
1.25 (m, 16H); 29Si NMR ((CD3)2CO, 59.6 MHz) δ –67.0; 19F NMR ((CD3)2CO, 376 
MHz) δ –83.4 (24F), −118.3 (16F), −123.6 (16F), −124.6 (16F), −125.0 (16F), −128.1 
(16F);  Anal. Calcd for C64H32F104O12Si8:  C, 24.07; H, 1.01; F, 61.87.  Found:  C, 24.26; 
H, 0.96; F, 62.07.  
 
1H,1H,2H,2H-Heptadecafluorodecyl8T8 (FD) 
Mp 150 ºC (from THF); 1H NMR ((CD3)2CO, 300 MHz) δ 2.49−2.36 (m, 16H), 1.26–
1.22 (m, 16H); 29Si NMR ((CD3)2CO, 59.6 MHz) δ –67.0; 19F NMR ((CD3)2CO, 376 
MHz) δ –83.3 (24F), −118.1 (16F), −123.5 (48F), −124.3 (16F), 125.0 (16F), -128.0 
(16F);  Anal. Calcd for C80H32F136O12Si8:  C, 24.06; H, 0.81; F, 64.70.  Found:  C, 24.32; 
H, 0.82; F, 64.82. Cambridge crystallographic data deposition number CCDC 608209. 
 
Tridecafluoro-1,1,2,2-tetrahydrooctylhepta(3,3,3-trifluoropropyl)-T8-silsesquioxane (3.3)   
Tridecafluoro-1,1,2,2-tetrahydrooctylheptatrichlorosilane (1.54 mL, 5.25 mmol) was used 
to corner cap using the procedure outlined for the preparation of octa(3,3,3-
trifluoropropyl)-T8-silsesquioxane 3.2 to obtain the title compound as a white solid (4.12 
g, 82%).  Mp 104–106 ºC (from THF); 1H NMR ((CD3)2CO with 10 vol % THF, 300 
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MHz) δ 1.06–1.02 (m, 16H), 2.38–2.29 (m, 16H); 13C NMR ((CD3)2CO with 10 vol% 
THF, 75 MHz)  δ 128.0 (q, J = 275 Hz), 125.0–115.0 (m, unresolved complex peak 
splitting), 27.9 (q, J = 30.1 Hz), 26.3 (t, overlap with THF peak), 4.5, 2.5; 29Si NMR 
((CD3)2CO with 10 vol % THF, 59.6 MHz) δ –67.2, –67.4 (1:7); 19F NMR ((CD3)2CO, 
283 MHz) δ –69.2 (21F), –81.6 (t, J = 9.9 Hz, 3F), –116.2 (t, J = 13.2 Hz, 2F), –121.7 
(2F), –123.4 (2F), –123.9 (2F), –126.7 (2F); Anal. Calcd for C29H32F34O12Si8:  C, 24.13; 
H, 2.23; F, 44.76.  Found:  C, 24.25; H, 2.12; F, 44.97. 
 
Heptadecafluoro-1,1,2,2-tetrahydrodecylhepta(3,3,3-trifluoropropyl)-T8-silsesquioxane 
(3.4) 
Heptadecafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane (1.80 mL, 5.25 mmol) was used 
to corner cap using the procedure outlined for the preparation of octa(3,3,3-
trifluoropropyl)-T8-silsesquioxane 3.2 to obtain the title compound as a white solid (4.30 
g, 80%).  Mp 88–90 ºC (from THF); 1H NMR ((CD3)2CO, 300 MHz) δ 2.39–2.30 (m, 
16H), 1.61–1.00 (m, 16H); 13C NMR ((CD3)2CO with 50 vol % hexafluorobenzene, 100 
MHz)  δ 127.5 (q, J = 205.4 Hz), 122.0–107.0 (m, unresolved complex peak splitting), 
27.4 (q, J = 30.0 Hz), 24.5 (t, J = 21.0 Hz), 3.5, 1.3; 29Si NMR ((CD3)2CO, 59.6 MHz) δ 
–67.2, –67.3 (1:7); 19F NMR ((CD3)2CO, 376 MHz) δ –69.8 (21F), –82.2 (3F), –116.9 
(2F), –122.8–(–124.5) (10F), –127.3 (2F);  Anal. Calcd for C31H32F38O12Si8:  C, 24.13; H, 
2.09; F, 46.78.  Found:  C, 24.35; H, 1.83; F, 50.49. 
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1H,1H,2H,2H-Perfluorododecylhepta(3,3,3-trifluoropropyl)-T8-silsesquioxane (3.5)  
1H,1H,2H,2H-Perfluorododecyl trichlorosilane (1.80 g, 5.25 mmol) was used to corner 
cap using the procedure outlined for the preparation of octa(3,3,3-trifluoropropyl)-T8-
silsesquioxane 3.2 to obtain the title compound as a white solid (2.10 g, 73%).  Mp 105–
107 ºC (from THF); 1H NMR ((CD3)2CO, 300 MHz) δ 2.36–2.30 (m, 16H), 1.60–1.01 
(m, 16H); 13C NMR ((CD3)2CO, 75 MHz)  δ 128.1 (q, J = 272.3 Hz), 120.0–105.0 (m, 
unresolved complex peak splitting), 27.4 (q, J = 30.2 Hz), 24.6 (t, J = 23.2 Hz), 4.0, 1.8; 
29Si NMR ((CD3)2CO, 59.6 MHz) δ –67.2, –67.3 (1:7); 19F NMR ((CD3)2CO, 376 MHz) 
δ –69.9 (21F), –82.2 (3F), –116.9 (2F), –122.9 (10F), –123.8 (2F), –124.5 (2F), –127.3 
(2F); Anal. Calcd for C33H32F42O12Si8:  C, 24.12; H, 1.96; F, 48.56.  Found:  C, 24.38; H, 
1.71; F, 51.84. 
 
Hexafluoroisobutylhepta(3,3,3-trifluoropropyl)-T8-Silsesquioxane (3.6)   
Compound 3.6 was prepared in two steps.  First, hexafluoroisobutene (30 mL, 0.25 mol), 
trichlorosilane (31 mL, 0.30 mol), and H2PtCl6 (1.2 mL, 0.025 mol, 2 M in isopropanol) 
were charged in a sealed tube.  The vessel was purged with nitrogen, sealed, and placed 
in a preheated oil bath at 80 ºC for 24 h.  The crude mixture was fractionally distilled (65 
ºC, 200 mmHg) to obtain the hexafluoroisobutyltrichlorosilane as a colorless liquid (54 g, 
67%).  1H NMR ((CD3)2CO, 300 MHz) δ 3.31–3.22 (m, 1H), 1.90 (d, J = 6.6 Hz, 2H); 
13C NMR ((CD3)2CO, 75 MHz) δ 123.5 (q, J = 278.5 Hz), 44.6 (m, J = 30.1 Hz), 18.8; 
29Si NMR ((CD3)2CO, 59.6 MHz) δ 8.1; 19F NMR ((CD3)2CO, 376 MHz) δ –68.7 (6F). 
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In the final step, hexafluoroisobutyltrichlorosilane (1.57 g, 5.25 mmol) was used 
to corner cap using the procedure outlined for the preparation of octa(3,3,3-
trifluoropropyl)-T8-silsesquioxane 3.2 to obtain the title compound as a white solid (3.21 
g, 73%).   Mp 234–236 ºC (from THF); 1H NMR ((CD3)2CO, 300 MHz) δ 3.8–3.6 (m, 
1H), 1.07–1.03 (m, 14H), 1.4 (d, J = 7.1 Hz, 2H), 2.40–2.27 (m, 14H); 13C NMR 
((CD3)2CO, 75 MHz)  δ 128.1 (q, J = 273.5 Hz), 43.6 (m, J = 28.4 Hz), 27.3 (qd, J = 
30.4, 6.0 Hz), 6.1, 3.9; 29Si NMR ((CD3)2CO, 59.6 MHz) δ –67.3, –70.6 (7:1); 19F NMR 
((CD3)2CO, 376 MHz) δ –69.6 (6F), –69.8 (9F), –69.8 (3F), –69.9 (9F); Anal. Calcd for 
C25H31F27O12Si8:  C, 23.81; H, 2.48; F, 40.67.  Found:  C, 23.87; H, 2.40; F, 40.89. 
 
(3-Heptafluoroisopropoxy)propylhepta(3,3,3-trifluoropropyl)-T8-silsesquioxane (3.7)   
(3-Heptafluoroisopropoxy)propyltrichlorosilane (1.28 mL, 5.25 mmol) was used to 
corner cap using the procedure outlined for the preparation of octa(3,3,3-trifluoropropyl)-
T8-silsesquioxane 3.2 to obtain the title as a white solid (3.43 g, 75%).  Mp 70–71 ºC 
(from THF); 1H NMR ((CD3)2CO, 300 MHz) δ 4.12–4.10 (m, 2H), 2.35–2.24 (m, 14H), 
1.90–1.88 (m, 2H), 1.04–0.97 (m, 14H), 0.91–0.87 (m, 2H); 13C NMR ((CD3)2CO, 75 
MHz)  δ 128.7 (q, J = 274 Hz), 120.0 (dd, J = 37.5 Hz), 70.4, 27.9 (q, J = 30.0 Hz), 23.6, 
7.7, 4.6; 29Si NMR ((CD3)2CO, 59.6 MHz) δ –66.1, –67.3, –67.5 (1:4:3); 19F NMR 
((CD3)2CO, 376 MHz) δ –69.9 (21F), –80.3 (6F), –121.2 (1F); Anal. Calcd for 
C27H34F28O13Si8:  C, 24.51; H, 2.59; F, 40.20.  Found:  C, 24.61; H, 2.56; F, 40.42. 
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Methylhepta(3,3,3-trifluoropropyl)-T8-silsesquioxane (3.8) 
Compound 3.8 was synthesized using a modified preparation reported initially by 
Fukada.183  This variation was observed to produce a higher yield of 3.8 compared to the 
aforementioned reported procedure.  Methyltrichlorosilane (118 µL, 1.00 mmol) was 
used to corner cap using the procedure outlined for the preparation of octa(3,3,3-
trifluoropropyl)-T8-silsesquioxane 3.2 to obtain the title compound as a white solid (425 
mg, 72%). Mp 168–170 ºC (from THF); 1H NMR ((CD3)2CO/CDCl3 (50:50, v/v), 300 
MHz) δ 1.84–1.75 (m, 14H), 0.58–0.51 (m, 14H), –0.16 (s, 3H).  13C NMR 
((CD3)2CO/CDCl3 (50:50, v/v), 75 MHz)  δ 127.7 (q, J = 274.2 Hz), 27.7 (qd, J = 30.5, 
4.0 Hz), 5.0, 4.2–4.1 (m); 29Si NMR ((CD3)2CO/CDCl3 (50:50, v/v), 59.6 MHz) δ –64.8, 
–67.5, –68.0 (1:4:3).  Cambridge crystallographic data deposition number CCDC 642077. 
 
Phenylethylhepta(3,3,3-trifluoropropyl)-T8-silsesquioxane (3.9)  
Phenylethyltrichlorosilane (255 µL, 1.32 mmol) was used to corner cap using the 
procedure outlined for the preparation of octa(3,3,3-trifluoropropyl)-T8-silsesquioxane 
3.2 to obtain the title compound as a white solid (570 mg, 54%).  Mp 109–111 ºC (from 
THF); 1H NMR ((CD3)2CO, 300 MHz) δ 7.19–7.28 (m, 5H), 2.82 (t, J = 8.1 Hz, 2H), 
2.39–2.21 (m, 14H), 1.16 (t, J = 8.4 Hz, 2H), 1.06–0.90 (m, 14H); 13C NMR ((CD3)2CO, 
75 MHz)  δ 143.9, 128.7, 128.2, 128.1 (q, J = 274 Hz), 126.2, 27.3 (dq, J = 30.0, 4.0 Hz), 
15.5, 4.0; 29Si NMR ((CD3)2CO, 59.6 MHz) δ –66.4, –67.4, –67.7 (1:4:3); Anal. Calcd 
for C29H37F21O12Si8:  C, 29.00; H, 3.10; F, 33.21.  Found:  C, 29.85; H, 3.14; F, 32.95. 
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Synthesis and Characterization of Aryl TFVE POSS Monomers 
Acetoxyethylheptacyclopentyl-T8-silsesquioxane (4.1a) 
Acetoxyethyltrichlorosilane (2.1 mL, 12.0 mmol) was added drop wise to a stirred 
solution of trisilanolcyclopentyl-POSS 4.1 (10 g, 11.4 mmol) and triethylamine (5.8 mL, 
42.0 mmol) in THF (120 mL).  After 5 h, the solution was filtered and concentrated under 
vacuum.  The solid was then dispersed in methanol (200 mL), filtered, washed repeatedly 
with methanol (2 × 100 mL), and dried under vacuum to afford 4.1a as a white, free-
flowing powder (10.6 g, 94%).  ATR–FTIR (neat) ν 2953 (w), 1464 (w), 1229 (w), 1087 
(vs), 1035 (m), 838 (w), 744 (w) cm−1; 1H NMR (CDCl3, 300 MHz) δ 4.17 (t, J = 6.0 Hz, 
2H), 2.02 (s, 3H), 1.86−1.38 (m, 56H), 1.07 (t, J = 6.0 Hz, 2H), 1.04–0.92 (m, 7H); 13C 
NMR (CDCl3, 75 MHz) δ 171.2, 61.3, 27.4, 27.1, 22.3, 21.2, 13.5; 29Si NMR (CDCl3, 59 
MHz) δ −65.9, −66.0, −69.2 (3:4:1).  Anal. calcd for C39H70O14Si8: C, 47.43; H, 7.14.  
Found: C, 47.23; H, 7.31. 
 
Hydroxyethylheptacyclopentyl-T8-silsesquioxane (4.1b) 
Concentrated H2SO4 (0.8 mL) was added to 4.1a (4 g, 4.05 mmol) dissolved in methanol 
(200 mL) and chloroform (200 mL).  After 48 h, the solution was concentrated under 
vacuum.  The crude concentrate was redissolved in ethyl acetate (200 mL), washed 
repeatedly with water (2 × 100 mL), dried (MgSO4), filtered, and concentrated under 
vacuum to afford 4.1b as a white, crystalline powder (3.7 g, 97%).  ATR−FTIR (neat) ν 
2948 (m), 2864 (m), 1086 (vs) cm−1; 1H NMR (CDCl3, 300 MHz) δ 4.17 (t, J = 15.5 Hz, 
2H), 1.95−1.41 (m, 56H), 1.08–0.92 (m, 9H); 13C NMR (CDCl3, 75 MHz) δ 58.9, 27.4, 
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27.1, 22.3, 17.7; 29Si NMR (CDCl3, 59 MHz) δ −65.9, −68.1 (7:1).  Anal. calcd for 
C37H68O13Si8: C, 47.00; H, 7.25.  Found: C, 46.75; H, 7.28.   
 
4-(Trifluorovinyloxy)ethylbenzoateheptacyclopentyl-T8-silsesquioxane (4.1c)  
4-(Trifluorovinyloxy)benzoic acid (254 mg, 1.16 mmol) was added to a solution of 
dicyclohexylcarbodiimide (DCC) (254 mg, 1.27 mmol), 4-(dimethyl-amino)pyridinium 
4-toluenesulfonate (DPTS) (107 mg, 0.35 mmol), and 4.1b (1 g, 1.06 mmol) in 
dichloromethane (20 mL).  After 24 h, the solution was filtered and concentrated under 
vacuum.   Purification of the residue by flash chromatography on silica gel using 5% 
ethyl acetate–95% hexanes (v/v) for elution afforded 4.1c as a white solid (1 g, 83%).  Rf  
0.50 (5% ethyl acetate–95% hexanes (v/v)); mp > 260 °C; ATR−FTIR (neat) ν 2949 (m), 
1723 (w), 1271 (w), 1084 (vs) cm−1; 1H NMR (CDCl3, 300 MHz) δ 8.09 (d, J = 8.6 Hz, 
2H), 7.12 (d, J = 8.6 Hz, 2H), 4.45 (t, J = 7.9 Hz, 2H), 1.78−0.84 (m, 65H); 13C NMR 
(CDCl3, 75 MHz) δ 155.6, 158.2, 132.0, 127.5, 115.4, 62.1, 29.8, 27.4, 27.0, 22.3, 13.5; 
19F NMR (CDCl3, 283 MHz) δ –118.7 (dd, J = 95.5, 55.4 Hz, cis-CF=CF2, 1F), –125.5 
(dd, J = 111.9, 95.5 Hz, trans-CF=CF2, 1F), –134.2 (dd, J = 111.9, 52.4 Hz, CF=CF2, 
1F); 29Si NMR (CDCl3, 59 MHz) δ −65.9, −68.0, −69.1 (4:3:1).  Anal. calcd for 
C46H71F3O15Si8: C, 48.22; H, 6.25; F, 4.97.  Found: C, 48.22; H, 6.25; F, 4.97.  GPC in 
CHCl3 relative to polystyrene gave a monomodal distribution with Mn = 800 (Mw/Mn = 
1.0). 
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Acetoxyethylheptaisobutyl-T8-silsesquioxane (4.2a) 
Trisilanolisobutyl-POSS 4.2 (9 g, 11.4 mmol) was used following the procedure outlined 
for the preparation of 4.1a to obtain 4.2a as a white solid (9.1 mg, 88%).  ATR−FTIR 
(neat) ν 2953 (w), 1745 (w), 1229 (w), 1085 (vs), 1037 (m), 838 (w), 739 (w) cm−1; 1H 
NMR (CDCl3, 300 MHz) δ 4.17 (t, J = 8.6 Hz, 2H), 2.01 (s, 3H), 1.91−1.78 (m, 7H), 1.08 
(t, J = 8.6 Hz, 2H), 1.01–0.93 (m, 42H), 0.60−0.58 (m, 14H); 13C NMR (CDCl3, 75 MHz) 
δ 171.0, 61.1, 25.8, 23.9, 22.5, 21.1, 13.5; 29Si NMR (CDCl3, 59 MHz) δ −67.0, −67.4, 
−70.0 (3:4:1).  Anal. calcd for C32H70O14Si8: C, 42.54; H, 7.81.  Found: C, 42.50; H, 7.96. 
 
Hydroxyethylheptaisobutyl-T8-silsesquioxane (4.2b) 
4.2a (5.5 g, 6.09 mmol) was used following the procedure outlined for the preparation of 
4.1b to obtain 4.2b as a white solid (4.1 mg, 80%). ATR−FTIR (neat) ν 2948 (m), 2864 
(m), 1086 (vs) cm−1; 1H NMR (CDCl3, 300 MHz) δ 4.17 (t, J = 7.9 Hz, 2H), 1.92−1.78 
(m, 7H), 1.63 (s, OH), 1.06 (t, J = 7.8 Hz, 2H), 0.96–0.94 (m, 42H), 0.61−0.59 (m, 14H); 
13C NMR (CDCl3, 75 MHz) δ 58.8, 25.7, 23.9, 22.5, 17.8; 29Si NMR (CDCl3, 59 MHz) δ 
−67.1, −67.3, −69.1 (3:4:1).  Anal. calcd for C30H68O13Si8: C, 41.82; H, 7.96.  Found: C, 
41.20; H, 8.11. 
 
4-(Trifluorovinyloxy)ethylbenzoateheptaisobutyl-T8-silsesquioxane (4.2c)  
4.2b (5.5 g, 6.09 mmol) was used following the procedure outlined for the preparation of 
4.1c to obtain 4.2c as a white solid (1.8 mg, 73%).  Mp 75−77 °C; ATR−FTIR (neat) ν 
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2953 (m), 1725 (w), 1273 (w), 1086 (vs) 740 (w) cm−1; 1H NMR (CDCl3, 300 MHz) δ 
8.09 (d, J = 8.9 Hz, 2H), 7.12 (d, J = 8.9 Hz, 2H), 4.45 (t, J = 7.9 Hz, 2H), 1.85−1.82 (m, 
7H), 1.24 (t, J = 7.9 Hz, 2H), 0.97−0.93 (m, 42H), 0.59 (t, J = 7.5 Hz, 14H); 13C NMR 
(CDCl3, 75 MHz) δ 165.5, 158.2, 132.0, 127.5, 115.5, 61.9, 25.8, 23.9, 22.6, 13.5; 19F 
NMR (CDCl3, 283 MHz) δ –118.7 (dd, J = 95.5, 55.4 Hz, cis-CF=CF2, 1F), –125.4 (dd, J 
= 111.9, 95.5 Hz, trans-CF=CF2, 1F), –134.4 (dd, J = 111.9, 52.4 Hz, CF=CF2, 1F); 29Si 
NMR (CDCl3, 59 MHz) δ −67.0, −67.3, −69.9 (3:4:1).  Anal. calcd for C39H71F3O15Si8: 
C, 44.12; H, 6.74; F, 5.37.  Found: C, 43.98; H, 6.99; F, 5.09.  GPC in CHCl3 relative to 
polystyrene gave a monomodal distribution with Mn = 1,100 (Mw/Mn = 1.0). 
 
4-(Trifluorovinyloxy)ethylbenzoatehepta(3,3,3-trifluoropropyl)-T8-silsesquioxane (4.3c)  
Hepta(3,3,3-trifluoropropyl)-tricycloheptasiloxane trisodium silanolate 4.3 (3.0 g, 3.42 
mmol) was used for the preparation of 4.3a and 4.3b previously reported by Fukuda.183  
4.3b was used following the procedure outlined for the preparation of 4.1c to obtain 4.3c 
as a white solid (1.85 mg, 40%).  Mp 75−76 °C; ATR−FTIR (neat) ν 2954 (m), 1723 (m), 
1216 (vs), 1112 (vs), 903 (w), 837 (w)  cm−1; 1H NMR (CDCl3, 300 MHz) δ 8.09 (d, J = 
8.9 Hz, 2H), 7.13 (d, J = 8.9 Hz, 2H), 4.45 (t, J = 7.9 Hz, 2H), 2.20−2.05 (m, 14H), 1.33 
(t, J = 7.9 Hz, 2H), 0.96−0.86 (m, 14H); 13C NMR (CDCl3, 75 MHz) δ 165.3, 131.9, 
128.9, 126.9, 125.3, 115.6, 60.7, 28.3, 27.9, 27.5, 27.0, 4.01; 19F NMR (CDCl3, 283 
MHz) δ −68.6 (s, CH2CH2CF3, 21F), –118.5 (dd, J = 95.5, 55.4 Hz, cis-CF=CF2, 1F), –
125.4 (dd, J = 111.9, 95.5 Hz, trans-CF=CF2, 1F), –134.5 (dd, J = 111.9, 52.4 Hz, 
CF=CF2, 1F); 29Si NMR (CDCl3, 59 MHz) δ −67.5, −67.6, −68.6 (4:3:1).  Anal. Calcd for 
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C32H36F24O15Si8: C, 28.66; H, 2.71; F, 33.99.  Found: C, 29.86; H, 2.86; F, 33.01. 
HRMS–FAB (m/z) [M + H]+ calcd for C32H36F24O15Si8, 1340.9900; found, 1340.9907.  
GPC in CHCl3 relative to polystyrene gave a monomodal distribution with Mn = 1,100 
(Mw/Mn = 1.0).   
 
Copolymer 4.1c-co-4.5 
In a flame-dried, vacuum sealed glass ampoule, a specified amount of 4.1c and 4,4'-bis(4-
trifluorovinyloxy)biphenyl 4.5 were heated to 180 °C for 48 h.  After cooling and 
opening the ampoule, the polymer was dissolved in a minimal amount of THF and 
precipitated in methanol, filtered, washed repeatedly with methanol, and dried under 
vacuum to afford a pale yellow–white fibrous solid in nearly quantitative yield.  
ATR−FTIR (neat) ν 2950 (w), 1606 (w), 1496 (vs), 1196 (vs), 1109 (vs), 957 (vs), 823 
(m) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.48−7.46 (m, 6H), 7.24−7.16 (m, 6H), 4.10 (t, 
J = 7.8 Hz, 2H), 1.80−0.85 (m, 65H); 19F NMR (CDCl3, 283 MHz) δ  −128.0−(−131.4) 
(m, cyclobutyl-F6).  
 
Copolymer 4.2c-co-4.5 
4.2c and 4.5 were used following the procedure outlined for the preparation of 4.1c-co-
4.5 to obtain 4.2c-co-4.5 as a pale yellow–white fibrous solid in nearly quantitative yield.  
ATR−FTIR (neat) ν 29570 (w), 1606 (w), 1495 (vs), 1301 (s), 1193 (vs), 1107 (s), 953 
(vs), 821 (s) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.60−7.45 (6H), 7.26−7.18 (6H), 
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3.76−3.72 (m, 2H), 1.87−1.83 (m, 2H), 1.60−1.54 (m, 7H), 0.96−0.92 (42H), 0.61−0.57 
(m, 14H); 19F NMR (CDCl3, 283 MHz) δ  −126.5−(−131.2) (m, cyclobutyl-F6).   
 
Copolymer 4.3c-co-4.5 
4.3c and 4.5 were used following the procedure outlined for the preparation of 4.1c-co-
4.5 to obtain 4.3c-co-4.5 as a pale yellow–white, fibrous solid in nearly quantitative yield.  
ATR−FTIR (neat) ν 2926 (w), 1606 (m), 1496 (vs), 1305 (vs), 1199 (vs), 962 (vs), 851 
(s), 600 (m) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.60−7.45 (6H), 7.23−7.03 (6H), 4.42 
(t, J = 7.9 Hz, 2H), 2.17−2.08 (m, 14H), 1.26 (t, J = 7.9 Hz, 2H), 0.96−0.86 (m, 14H); 19F 
NMR (CDCl3, 283 MHz) δ −68.5 (21F), −126.4−(−131.2) (m, cyclobutyl-F6).   
 
Copolymer 4.3c-co-4.6  
4.3c and 4.6 were used following the procedure outlined for the preparation of 4.1c-co-
4.5 except heating was prolonged for 96 h to obtain 4.3c-co-4.6 as a pale yellow–white, 
fibrous solid in nearly quantitative yield.  ATR−FTIR (neat) ν 2950 (w), 1512 (m), 1174 
(vs), 1117 (s), 1305 (vs), 962 (s), 831 (s) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.40−7.06 
(12H), 4.44 (t, J = 7.9 Hz, 2H), 2.18−2.11 (m, 14H), 1.29 (t, J = 7.9 Hz, 2H), 0.96−0.86 
(m, 14H); 19F NMR (CDCl3, 283 MHz) δ −63.9 (6F), −68.6 (21F), −127.2−(−132.8) (m, 
cyclobutyl-F6).   
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Homopolymers poly4.5 and poly4.6  
In a flame-dried, vacuum sealed glass ampoule, a specified amount of 4.5 or 4.6 was 
heated to 180 °C for 48 h.  After cooling and opening the ampoule, the polymer was 
dissolved in a minimal amount of THF and precipitated in methanol, filtered, washed 
repeatedly with methanol, and dried under vacuum to afford a white fibrous solid in 
nearly quantitative yield.  Their characterization has been previously reported.5,21   
 
POSS TFVE Monomer 4.10a  
4,4'-Bis(4-trifluorovinyloxy)biphenyl(methyl)chlorosilane (4.8) (510 mg, 1.20 mmol) in 
THF (2 mL) was added drop wise to  monosilanolcyclopentyl-POSS (4.9a) (1.0 g, 1.09 
mmol) and triethylamine (Et3N) (184 µL, 1.32 mmol) in THF (10 mL) at room 
temperature.  After 24 h, the solution was filtered and concentrated under vacuum.  The 
solid was then dispersed in methanol (100 mL), filtered, and dried under vacuum.  
Purification of the residue by flash chromatography on silica gel using 1% ethyl acetate–
99% hexanes (v/v) for elution afforded the title compound as a white solid (410 mg, 
29%).  Mp 230 °C; ATR–FTIR (neat) ν 2949 (m), 1591 (w), 1497 (w), 1280 (m), 1079 
(vs) 791 (w) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.64 (d, J = 8.9 Hz, 4H), 7.12 (d, J = 
8.9 Hz, 4H), 1.79−1.41 (m, 56H), 1.14−0.82 (m, 7H), 0.68 (s, 3H); 13C NMR (CDCl3, 75 
MHz) δ 156.5, 135.9, 133.5, 115.5, 27.4, 27.0, 22.3, −0.79; 19F NMR (CDCl3, 283 MHz) 
δ –119.5 (dd, J = 95.5, 55.4 Hz, cis-CF=CF2, 2F), –126.4 (dd, J = 111.9, 95.5 Hz, trans-
CF=CF2, 2F), –133.8 (dd, J = 111.9, 52.4 Hz, CF=CF2, 2F); 29Si NMR (CDCl3, 59 MHz) 
δ −9.8, −65.3, −65.9, −107.9 (1:3:4:1).  Anal. Calcd for C52H74F6O15Si9: C, 47.83; H, 
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5.71; F, 8.73.  Found: C, 48.68; H, 6.11; F, 6.89.  GPC in CHCl3 relative to polystyrene 
gave a monomodal distribution with Mn = 700 (Mw/Mn = 1.0). 
 
POSS TFVE monomer 4.10b  
Monosilanolisobutyl-POSS (4.9b) (1.5 g, 1.80 mmol) was used following the procedure 
outline for the preparation of 4.10a to afford the title compound as a white solid (600 mg, 
28%).  Mp 61−63 °C; ATR–FTIR (neat) ν 2954 (m), 1591 (w), 1497 (w), 1280 (m), 1084 
(vs) 791 (w) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.64 (d, J = 8.9 Hz, 4H), 7.14 (d, J = 
8.9 Hz, 4H), 1.94−1.78 (m, 7H), 1.16−0.95 (m, 42H), 0.79−0.60 (s, 17H); 13C NMR 
(CDCl3, 75 MHz) δ 156.5, 135.9, 133.4, 115.2, 25.7, 23.9, 22.4, −0.9; 19F NMR (CDCl3, 
283 MHz) δ –119.5 (dd, J = 95.5, 55.4 Hz, cis-CF=CF2, 2F), –126.4 (dd, J = 111.9, 95.5 
Hz, trans-CF=CF2, 2F), –133.8 (dd, J = 111.9, 52.4 Hz, CF=CF2, 2F); 29Si NMR (CDCl3, 
59 MHz) δ −9.6, −66.3, −67.3, −109.0 (1:3:4:1).  Anal. Calcd for C45H74F6O15Si9: C, 
44.24; H, 6.10; F, 9.33.  Found: C, 43.83; H, 6.33; F, 8.44.  GPC in CHCl3 relative to 
polystyrene gave a monomodal distribution with Mn = 900 (Mw/Mn = 1.0).  
 
General Polymerization of POSS PFCB Copolymers and Block Copolymers   
In a vacuum sealed glass ampoule, a specified amount of 4.10a, 4.10b, and/or 4.5 were 
heated to 180 °C and for 48 h.  After 48 h, the ampoule was allowed to cool to room 
temperature and the crude polymer was dissolved in a minimal amount of THF, then 
precipitated in methanol, filtered, washed repeatedly with methanol, and dried under 
vacuum to afford a pale yellow fibrous solid in nearly quantitative yield.  For block 
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copolymers 4.5b-b-4.5, a weighed amount of prepolymer poly4.10b is heated with 
monomer 4.5 using the same procedure described above.   
 
Copolymer 4.10a-co-4.5 
ATR−FTIR (neat) ν 2930 (w), 1495 (s), 1301 (s), 1194 (s), 1112 (s), 952 (vs),  821 (s) 
cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.48−7.40 (m, 8H), 7.26−7.10 (m, 8H), 1.72−1.30 
(m, 56H), 1.00−0.85 (m, 7H), 0.61 (s, 3H); 19F NMR (CDCl3, 283 MHz) δ 
−126.5−(−136.7) (m, cyclobutyl-F6). 
 
Copolymer 4.10b-co-4.5 
ATR−FTIR (neat) ν 2930 (m), 1728 (vs), 1601 (w), 1490 (vs), 1288 (vs), 1200 (vs), 962 
(vs), 825 (m), 742 (w) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.52−7.40 (m, 8H), 
7.26−7.10 (m, 8H), 1.86−1.81 (m, 7H), 0.95−0.89 (m, 42H), 0.60−0.53 (s, 17H); 19F 
NMR (CDCl3, 283 MHz) δ −126.5−(−136.7) (m, cyclobutyl-F6). 
 
Homopolymer poly4.10a  
ATR−FTIR (neat) ν 2955 (m), 1593 (w), 1229 (m), 1115 (vs), 963 (m), 744 (m) cm−1; 1H 
NMR (CDCl3, 300 MHz) δ 7.64 (m, 4H), 7.11 (m, 4H), 1.76−1.41 (m, 56H), 1.15−0.81 
(m, 7H), 0.67 (s, 3H); 19F NMR (CDCl3, 283 MHz) δ –119.4 (dd, J = 95.5, 55.4 Hz, cis-
CF=CF2, 2F), –126.2 (dd, J = 111.9, 95.5 Hz, trans-CF=CF2, 2F), −126.5−(−136.7) (m, 
cyclobutyl-F6), –133.8 (dd, J = 111.9, 52.4 Hz, CF=CF2, 2F). 
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Homopolymer poly4.10b  
ATR−FTIR (neat) ν 2955 (m), 1595 (w), 1231 (m), 1118 (vs), 967 (m), 746 (m) cm−1; 1H 
NMR (CDCl3, 300 MHz) δ 7.59−7.55 (m, 4H), 7.21−7.08 (m, 4H), 1.87−1.78 (m, 7H), 
0.96−0.85 (m, 42H), 0.63−0.53 (s, 17H); 19F NMR (CDCl3, 283 MHz) δ –119.3 (dd, J = 
95.5, 55.4 Hz, cis-CF=CF2, 2F), –125.9 (dd, J = 111.9, 95.5 Hz, trans-CF=CF2, 2F), 
−127.7−(−131.2) (m, cyclobutyl-F6), –131.7 (dd, J = 111.9, 52.4 Hz, CF=CF2, 2F). 
 
Block Copolymer 4.10b-b-4.5  
ATR−FTIR (neat) ν 2956 (w), 1606 (m), 1496 (s), 1304 (vs), 1199 (vs), 937 (vs), 760 
(w) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.59−7.55 (m), 7.21−7.08 (m), 1.87−1.76 (m, 
7H), 0.99−0.84 (m, 42H), 0.61−0.55 (s, 17H); 19F NMR (CDCl3, 283 MHz) δ 
−126.6−(−131.2) (m, cyclobutyl-F6). 
 
POSS Intermediate 4.13 
Acetoxyethyldimethylchlorosilane (2.5 mL, 14.0 mmol) was added drop wise to a stirred 
solution of endo-disilanolcyclopentyl-POSS 4.12 (5.53 g, 5.60 mmol) and triethylamine 
(2.1 mL, 15.0 mmol) in THF (20 mL).  After 24 h, the solution was filtered and 
concentrated under vacuum to afford the title compound as a viscous, pale yellow oil 
(6.85 g, 96%).  1H NMR (CDCl3, 300 MHz) δ 4.19 (t, J = 6.0 Hz, 4H), 2.00 (s, 8H), 
1.80−1.35 (m, 64H), 1.11 (t, J = 6.0 Hz, 4H), 1.05–0.86 (m, 6H), 0.22 (s, 12H); 13C NMR 
(CDCl3, 75 MHz) δ 171.2, 62.0, 27.6, 27.0, 23.3, 21.2, 18.9, 0.8; 29Si NMR (CDCl3, 59 
MHz) δ 7.65, −64.2, −64.6, −66.9 (2:2:2:4).   
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Synthesis and Characterization of Adducts from Nucleophilic Additions to Aryl 
TFVEs 
(Z)- and (E)-1,2-Bis(4-bromophenoxy)-1,2-difluoroethene ((Z)/(E)-5.3) 
A solution of p-bromophenol (274 mg, 1.58 mmol) dissolved in DMF (4 mL) was added 
drop wise to a stirred suspension of NaH (152 mg, 6.32 mmol) in DMF (2 mL) at room 
temperature.  The flask was placed in a preheated oil bath at 60 °C and sparged with 
nitrogen for 30 min. 1-Bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol) 
was transferred into the solution via syringe in a single portion.  The solution was then 
placed in a preheated oil bath at 60 °C.  After 1 h, the mixture was treated with DI H2O 
(25 mL).  The organic layer was separated and the aqueous layer was extracted with Et2O 
(2 × 25 mL).  The combined organic layers were washed with water (2 × 50 mL), dried 
over MgSO4, filtered over a pad of silica gel, and concentrated under vacuum affording 
the product mixture (Z)/(E)-5.3 as an oily yellow solid (484 mg, 75%). 1H NMR (300 
MHz, CDCl3) δ 7.51−7.43 (m), 7.02 (d, J = 8.9 Hz), 6.95 (d, J = 8.9); 19F NMR (283 
MHz, CDCl3) δ −121.7 (s, (Z)-CF=CF, 2F), −127.8 (s, (E)-CF=CF, 2F); GC−EIMS (70 
eV) m/z (% relative intensity) (Z)-5.3: 408, 406, 404 (M+, 10, 19, 11), 235, 233 (25, 26), 
207, 205 (19, 19), 185, 183 (17, 17), 157, 155 (86, 91), 76, (89), 75 (89), 74 (24), 50 
(100); (E)-5.3: 408, 406, 404 (M+, 10, 18, 9), 235, 233 (25, 23), 207, 205 (18, 20), 185, 
183 (17, 16), 176, 175 (9, 11), 157, 155 (82, 85), 76 (85), 75 (88), 50 (100). Cambridge 
crystallographic data deposition number CCDC 656766. 
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(Z)- and (E)-1-(4-Bromophenoxy)-1,2-difluoro-2-phenoxyethene ((Z)/(E)-5.4) 
Sodium phenoxide (184 mg, 1.58 mmol), sodium hydride (76 mg, 3.16 mmol) and 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(E)/(Z)-5.4 as a yellow oil (373 mg, 72%).  1H NMR (300 MHz, CDCl3) δ 7.53-7.39 (m), 
7.20−7.01 (m); 19F NMR (283 MHz, CDCl3) δ −120.9 and −122.5 (d, J = 41.1 Hz, (Z)-
CF=CF), −127.1 and −128.7 (d, J = 111.9 Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z (% 
relative intensity) (Z)-5.4: 328, 326 (M+, 22, 24), 157, 155 (31, 42), 77 (100), 76 (32), 75 
(29), 51 (64), 50 (43); (E)-5.4: 328, 326 (M+, 21, 21), 157, 155 (32, 42), 77 (100), 76 
(32), 75 (29), 51 (61), 50 (44). 
 
(E)- and (Z)-1-(4-Bromophenoxy)-1,2-difluoro-2-(4-methoxyphenoxy)ethene ((Z)/(E)-5.5)   
p-Methoxyphenol (196 mg, 1.58 mmol), sodium hydride (152 mg, 6.32 mmol) and 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.5 as a yellow oil (340 mg, 60%).  1H NMR (300 MHz, CDCl3) δ 7.50−7.43 (m), 
7.12−6.84 (m), 3.79 (d, J = 8.9 Hz, 3H); 19F NMR (283 MHz, CDCl3) δ −120.5 and 
−122.3 (d, J = 42.8 Hz, (Z)-CF=CF), −126.7 and −129.6 (d, J = 110.3 Hz, (E)-CF=CF); 
GC−EIMS (70 eV) m/z (% relative intensity) (Z)-5.5: 358, 356 (M+, 31, 31), 185 (37), 
157 (54), 155 (32), 154 (37), 135 (36), 123 (52), 107 (44), 92 (63), 77 (100), 76 (37), 75 
(31), 64 (45), 63 (31), 50 (43); (E)-5.5: 358, 356 (M+, 31, 31), 185 (40), 157 (58), 155 
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(35), 154 (35), 135 (38), 123 (52), 107 (45), 92 (69), 77 (100), 76 (38), 75 (33), 64 (44), 
63 (31), 50 (45).  Cambridge crystallographic data deposition number CCDC 656778. 
 
(Z)- and (E)-1,2-Difluoro-1,2-bis(4-methoxyphenoxy)ethene ((Z)/(E)-5.6) 
p-Methoxyphenol (243 mg, 1.96 mmol), sodium hydride (152 mg, 6.32 mmol) and 1-
methoxy-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.96 mmol) were used following 
the procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.6 as a yellow oil (384 mg, 64%).  1H NMR (300 MHz, CDCl3) δ 7.11−7.02 (m), 
6.91−6.78 (m), 3.78 (d, J = 5.82 Hz, 3H); 19F NMR (283 MHz, CDCl3) δ −122.2 (s, (Z)-
CF=CF), −128.5 (s, (E)-CF=CF); GC−EIMS (70 eV) m/z (% relative intensity) (Z)-5.6: 
308 (M+, 40), 185 (68), 157 (43), 135 (63), 126 (25), 123 (24), 107 (58), 92 (63), 77 
(100), 64 (42), 63 (23); (E)-5.6: 308 (M+, 35), 185 (66), 157 (41), 154 (20), 135 (61), 126 
(24), 123 (23), 107 (58), 92 (66), 77 (100), 64 (44), 63 (25). 
 
(Z)- and (E)-1-(2-Bromophenoxy)-2-(4-bromophenoxy)-1,2-difluoroethene ((Z)/E)-5.7) 
o-Bromophenol (274 mg, 1.58 mmol), sodium hydride (152 mg, 6.32 mmol) and 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.7 as a yellow oil (441 mg, 69%). 1H NMR (300 MHz, CDCl3) δ 7.52−7.00 (m); 
19F NMR (283 MHz, CDCl3) δ −120.9 and −121.2 (d, J = 42.8 Hz, (Z)-CF=CF), −126.9 
and −127.8 (d, J = 111.9 Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z (% relative intensity) 
(Z)-5.7: 408, 406, 404 (M+, 12, 22, 12), 235, 233 (19, 18), 207, 205 (17, 18), 185, 183 
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(19, 19), 157, 155 (97, 100), 152 (14), 76 (83), 75 (91), 74 (21), 63 (13), 51 (15), 50 (96); 
(E)-5.7: 408, 406, 404 (M+, 12, 23, 11), 235 (17, 18), 207, 205 (16, 16), 185, 183 (18, 
19), 157, 155 (94, 100), 126 (12), 76 (86), 75 (85), 74 (20), 63 (12), 51 (14), 50 (95). 
 
(Z)- and (E)-1-(4-Bromophenoxy)-2-(2-tert-butylphenoxy)-1,2-difluoroethene ((Z)/(E)-
5.8)   
o-tert-Butylphenol (238 mg, 1.58 mmol), sodium hydride (152 mg, 6.32 mmol) and 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.8 as a yellow oil (304 mg, 50%). 1H NMR (300 MHz, CDCl3) δ 7.51−6.97 (m), 
1.45 and 1.35 (s, 6H); 19F NMR (283 MHz, CDCl3) δ −120.7 and −122.3 (d, J = 42.8 Hz, 
(Z)-CF=CF), −126.8 and −129.2 (d, J = 108.6 Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z 
(% relative intensity) (Z)-5.8: 384, 382 (M+, 6, 6), 157, 155 (4, 4), 117, 115 (4, 4), 105 
(12), 92 (8), 91 (100), 77 (6), 76 (5), 75 (5), 65 (3), 55 (22), 51 (3), 50 (5); (E)-8: 384, 
382 (M+, 6, 7), 157, 155 (4, 4), 117, 115 (4, 4), 105 (11), 92 (8), 91 (100), 77 (5), 76 (5), 
75 (5), 55 (22), 51 (3), 50 (6). 
 
(Z)- and (E)-1-(4-Bromophenoxy)-2-(2-phenylphenoxy)-1,2-difluoroethene ((Z)/(E)-5.9) 
 o-Phenylphenol (269 mg, 1.58 mmol), sodium hydride (152 mg, 6.32 mmol) and 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.9 as a yellow oil (429 mg, 67%).  1H NMR (300 MHz, CDCl3) δ 7.80−7.20 (m), 
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7.15−6.74 (m); 19F NMR (283 MHz, CDCl3) δ −120.2 and −122.3 (d, J = 42.8 Hz, (Z)-
CF=CF), −127.3 and −128.8 (d, J = 111.9 Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z (% 
relative intensity) (Z)-5.9: 404, 402 (M+, 8, 9), 231 (13), 230 (26), 200 (42), 199 (54), 183 
(10), 181 (17), 157, 155 (9, 9), 153 (51), 152 (100), 151 (26), 127 (8), 77 (7), 76 (15), 75 
(15), 51 (8), 50 (13); (E)-5.9: 404, 402 (M+, 9, 8), 231 (12), 230 (25), 200 (40), 199 (56), 
183 (9), 181 (17), 157, 155 (8, 9), 153 (50), 152 (100), 151 (24), 127 (7), 76 (16), 75 (16), 
51 (8), 50 (15). 
 
1,2-Bis(4-bromophenoxy)-1,1,2-trifluoroethane (5.10)   
1-Bromo-4-(trifluorovinyloxy)benzene (5.1) (400 mg, 1.58 mmol), p-bromophenol (274 
mg, 1.58 mmol), and Cs2CO3 (258 mg, 0.79 mmol) in DMF (4 mL) and DI H2O (10 µL) 
were placed in a preheated oil bath at 60 °C and allowed to stir for 1 h.  The mixture was 
then treated with DI H2O (25 mL).  The organic layer was separated and the aqueous 
layer was extracted with Et2O (2 × 25 mL).  The combined organic layers were washed 
with water (2 × 50 mL), dried over MgSO4, filtered over a pad of silica gel, and 
concentrated under vacuum affording 5.10 as an oily yellow solid (493 mg, 73%).  1H 
NMR (300 MHz, CDCl3) δ 7.52−7.48 (m), 7.13 (d, J = 8.9 Hz), 7.04 (d, J = 8.6 Hz), 5.84 
(dt, J = 58.4 Hz, 3.1 Hz, CHFCF2); 19F NMR (283 MHz, CDCl3) δ −85.4 and −85.9 (AB 
pattern, J = 148.1 Hz, CHFCF2), −138.9 (dt, J = 59.3 Hz, 8.2 Hz, CHFCF2); GC−EIMS 
(70 eV) m/z (% relative intensity) 428, 426, 424 (M+, 49, 100, 51), 205, 203 (54, 56), 157, 
155 (92, 99), 145, 143 (35, 34), 76 (48), 75 (41), 64 (39), 63 (55), 50 (43).  Cambridge 
crystallographic data deposition number CCDC 656777. 
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Dehydrofluorination of 5.10  
1,2-bis(4-bromophenoxy)-1,1,2-trifluoroethane (5.10) (100 mg, 1.58 mmol), sodium 
hydride (14 mg, 0.587 mmol) in DMF (3 mL) were placed in a preheated oil bath at 60 
°C and allowed to stir for 24 h.  The mixture was then treated with DI H2O (10 mL).  The 
organic layer was separated and the aqueous layer was extracted with Et2O (2 × 10 mL).  
The combined organic layers were washed with water (2 × 10 mL), dried over MgSO4, 
filtered over a pad of silica gel, and concentrated under vacuum.  19F NMR (283 MHz, 
CDCl3) peak integration showed 71% conversion to (Z)/(E)-5.3 in a 1.16:1 isomer ratio 
with the remaining as unreacted 5.10.     
 
(Z)- and (E)-1-(4-Bromophenoxy)-2-(ethyloxy)-1,2-difluoroethene ((Z)/(E)-5.11)   
Anhydrous sodium ethoxide (57 mg, 0.830 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.1) (200 mg, 0.790 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.11 as a yellow oil (190 mg, 86%).  1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 
8.9 Hz), 6.96 (d, J = 8.9 Hz), 4.10 and 3.99 (q, J = 6.8 Hz, 2H), 1.25 and 1.28 (q, J = 6.8 
Hz, 3H); 19F NMR (283 MHz, CDCl3) δ −120.9 and −126.9 (d, J = 39.5 Hz, (Z)-CF=CF), 
−127.3 and −133.6 (d, J = 108.6 Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z (% relative 
intensity) (Z)-5.11: 280, 278 (M+, 19, 18), 252, 250 (28, 26), 158 (40), 156 (42), 157, 155 
(96, 94), 77 (100), 76 (65), 75 (62), 74 (18), 50 (63); (E)-5.11: 280, 278 (M+, 17, 17), 
252, 250 (29, 29), 158 (40), 156 (43), 157, 155 (93, 100), 77 (98), 76 (63), 75 (64), 74 
(17), 50 (62). 
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1,2-(4-Bromophenoxy)-1,1,2-trifluoroethane (5.12)   
1-Bromo-4-(trifluorovinyloxy)benzene (5.12) (400 mg, 1.58 mmol), phenol (149 mg, 
1.58 mmol), and Cs2CO3 (258 mg, 0.79 mmol) in DMF (4 mL) and DI H2O (10 µL) were 
placed in a preheated oil bath at 60 °C and allowed to stir for 1 h.  The mixture was then 
treated with DI H2O (25 mL).  The organic layer was separated and the aqueous layer 
was extracted with Et2O (2 × 25 mL).  The combined organic layers were washed with 
water (2 × 50 mL), dried over MgSO4, filtered over a pad of silica gel, and concentrated 
under vacuum affording 5.12 as an oily yellow solid (472 mg, 86%).  1H NMR (300 
MHz, CDCl3) δ 7.50−7.49 (m), 7.13 (d, J = 8.9 Hz), 7.03 (d, J = 8.6 Hz), 5.83 (dt, J = 
58.4 Hz, 3.1 Hz, CHFCF2); 19F NMR (283 MHz, CDCl3) δ −85.3 and −86.5 (AB pattern, 
J = 148.1 Hz, CHFCF2), −138.8 (dt, J = 59.3 Hz, 8.2 Hz, CHFCF2); GC−EIMS (70 eV) 
m/z (% relative intensity) 348, 346 (M+, 5, 8), 328, 326 (54, 56), 233, 235 (29, 30), 207, 
205 (30, 29), 185, 183 (49, 50), 155 (70), 127 (30), 77 (100), 51 (65), 50 (50). 
 
Compound 5.13   
Cyclohexanol (158 µL, 1.50 mmol), Cs2CO3 (244 mg, 0.75 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) were used following the procedure 
outlined for the preparation of 5.10 affording the 5.13 as a yellow oil (431 mg, 81%).   1H 
NMR (300 MHz, CDCl3) δ 7.45 (d, J = 8.7 Hz), 7.00 (d, J = 8.6 Hz), 5.63 (dt, J = 58.7, 
3.1 Hz, CHFCF2), 4.40 (septet, J = 3.8 Hz, 1H), 2.10−1.89 (m, 2H), 1.83−1.71 (m, 2H), 
1.60−1.49 (m, 3H), 1.42−1.20 (m, 3H); 19F NMR (283 MHz, CDCl3) δ −85.4 and −86.3 
(AB pattern, J = 144.8 Hz, CHFCF2), −138.9 (dt, J = 59.3, 9.8 Hz, CHFCF2); GC−EIMS 
 354
(70 eV) m/z (% relative intensity) 354, 352 (M+, 22, 22), 272, 270 (41, 43), 252, 250 (12, 
12), 205, 203 (19, 19), 157, 155 (12, 13), 83 (76), 67 (12), 55 (100). 
 
Compound (Z)/(E)-5.14 
Diphenylamine (169 mg, 1.00 mmol), sodium hydride (96 mg, 4.00 mmol) and 1-bromo-
4-(trifluorovinyloxy)benzene (5.1) (253 mg, 1.00 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.14 and 5.15 as a yellow oil (250 mg).  19F NMR (283 MHz, CDCl3) δ −107.6 
and −125.4 (d, J = 23.3 Hz, (Z)-CF=CF), −115.4 and −131.5 (d, J = 107.1 Hz, (E)-
CF=CF); GC−EIMS (70 eV) m/z (% relative intensity) (Z)/(E)-5.14: 403, 401 (M+, 11, 
12), 310, 308 (17, 16), 246 (43), 229 (97), 198 (45), 127 (65), 77 (100), 51 (47).  
 
Compound 5.15 
Diphenylamine (254 mg, 1.50 mmol), Cs2CO3 (244 mg, 0.75 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) were used following the procedure 
outlined for the preparation of 5.10 affording the crude product 5.15 as a yellow oil (450 
mg).  19F NMR (283 MHz, CDCl3) δ −85.4 and −89.1 (AB pattern, J = 200.7, 13.5 Hz, 
CHFCF2), −139.9 (dt, J = 59.3, 13.2 Hz, CHFCF2); GC−EIMS (70 eV) m/z (% relative 
intensity) 5.15: 423, 421 (M+, 12, 12), 229 (19), 218 (100), 198 (26), 127 (15), 77 (43), 
51 (19). 
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Mixture of Compounds (Z)/(E)-5.16 and 5.17 
Piperdine (149 mg, 1.50 mmol), sodium hydride (144 mg, 6.00 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.10) (380 mg, 1.50 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.16 and 5.17 as a yellow oil (300 mg).  Exclusive formation of 5.17 was 
achieved using Cs2CO3 as the base following the procedure outlined for the preparation 
of 5.10.  1H NMR (300 MHz, CDCl3) δ mixture of (Z)/(E)-5.16 and 5.17:  7.40−7.39 (m), 
6.99−6.96 (m), 6.08 (d, J = 60.5 Hz, CHFCF2); 19F NMR (283 MHz, CDCl3) δ (Z)/(E)-
5.16:  −115.7 and −129.5 (d, J = 19.9 Hz, (Z)-CF=CF), −127.5 and −136.1 (d, J = 108.6 
Hz, (E)-CF=CF); 5.17: −125.3 (d, J = 62.5 Hz, CHFC(O)); GC−EIMS (70 eV) m/z (% 
relative intensity) (Z)/(E)-5.17: 317, 315 (M+, 15, 16), 157, 155 (12, 13), 144 (16), 112 
(100), 84 (19), 69 (69), 56 (14). 
 
Mixture of Compounds 5.18 and 5.19 
Lithium diisobutylamine (LDA) (788 µL, 1.575 mmol, 2 M in heptane/THF/ethyl 
benzene) was added drop wise to 1-bromo-4-(trifluorovinyloxy)benzene (5.1) (380 mg, 
1.50 mmol) in C6D6 (2 mL) in an NMR tube at room temperature and sonicated for 24 h.  
GC−EIMS (70 eV) m/z (% relative intensity) 5.18: 273 (M+, 30), 258 (90), 216 (100), 
119 (70); 5.19: 355, 353 (M+, 30, 29), 270, 272 (40, 39), 252, 250 (20, 19), 205, 203 (25, 
24), 157, 155 ( 25, 24), 83 (80), 55 (100).   
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Mixture of Compounds 5.20, 5.21, 5.22, and Oligomers 
Tert-butyl lithium (926 µL, 1.575 mmol, 1.7 M in pentane) was added drop wise to 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) in C6D6 (2 mL) in an 
NMR tube at room temperature and sonicated for 24 h.  GC−EIMS (70 eV) m/z (% 
relative intensity) 5.20 (Ar−O−CF=CF2): 174 (M+, 50), 127 (40), 77 (100), 51 (80); 5.21 
(t-Bu−Ar−O−CF=CF2): 232 (M+, 30), 125 (70), 97 (30), 77 (100), 57 (50); 5.22 
(Br−Ar−O−CHFCF2−t-Bu): 312, 310 (M+, 29, 30), 205, 203 (60, 59), 157, 155 (49, 50), 
57 (100); Oligomer (R = H, n = 1, Ar−O−CF=CF−Ar−O−CF=CF−t-Bu): 366 (50), 351 
(40), 201 (60), 161 (100), 146 (30), 104 (30), 77 (40), 51 (35); Oligomer (R = Br, n = 1, 
Br−Ar−O−CF=CF−Ar−O−CF=CF−t-Bu): 446, 444 (20, 18), 431, 433 (16, 16), 335 (20), 
201 (50), 176 (30), 161 (100), 146 (25), 104 (20), 76 (20), 57 (20). 
 
Mixture of Compounds (Z)/(E)-5.23 and Oligomers 
Phenyl lithium (583 µL, 1.05 mmol, 1.8 M in di-n-butyl ether) was added drop wise to 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (253 mg, 1.00 mmol) in THF (5 mL) at room 
temperature.  After 1 h, the mixture was treated with DI H2O (25 mL).  The organic layer 
was separated and the aqueous layer was extracted with Et2O (2 × 25 mL).  The 
combined organic layers were washed with water (2 × 50 mL), dried over MgSO4, 
filtered over a pad of silica gel, and concentrated under vacuum affording the product 
mixture (Z)/(E)-5.23 and oligomers as an oily yellow oil (100 mg).   19F NMR (283 MHz, 
CDCl3) δ (Z)/(E)-5.23: −101.7 and −160.6 (d, J = 13.2 Hz, (Z)-CF=CF), −115.3 and 
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−166.2 (d, J = 111.9 Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z (% relative intensity) 
(Z)/(E)-5.23: 312, 310 (M+, 51, 52), 183 (24), 155 (66), 127 (100), 108 (40), 75 (32), 50 
(36); Oligomer (n = 1, Br−Ar−O−CF=CF−Ar−O−CF=CF2): 408, 406 (M+, 59, 62), 251 
(100), 223 (52), 204 (50), 176 (28), 157, 155 (32, 33), 126 (73), 107 (32), 75 (52), 50 
(44); Oligomer (n = 1, Br−Ar−O−CF=CF−Ar): 466, 464 (M+, 59, 61), 262 (30), 183 (35), 
155 (40), 127 (100), 108 (35), 75 (25), 50 (20). 
 
Compound (Z)/(E)-5.24 
Lithium phenylacetylide (1.58 mL, 1.575 mmol, 1 M in THF) was added drop wise to 1-
bromo-4-(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) in THF (5 mL) at room 
temperature.  After 1 h, the mixture was treated with DI H2O (25 mL).  The organic layer 
was separated and the aqueous layer was extracted with Et2O (2 × 25 mL).  The 
combined organic layers were washed with water (2 × 50 mL), dried over MgSO4, 
filtered over a pad of silica gel, and concentrated under vacuum affording the product 
mixture (Z)/(E)-5.24 as an oily yellow solid (310 mg, 62%).   19F NMR (283 MHz, 
CDCl3) δ −90.9 and −156.6 (d, J = 9.9 Hz, (Z)-CF=CF), −110.4 and −162.3 (d, J = 121.8 
Hz, (E)-CF=CF); GC−EIMS (70 eV) m/z (% relative intensity) (Z)/(E)-5.24: 336, 334 
(M+, 88, 90), 227 (35), 207 (23), 179 (88), 151 (100), 132 (61), 75 (35), 50 (36).  
 
Mixture of Compounds (Z)/(E)-5.25, 5.26, and 5.27 
Benzenethiol (153 µL, 1.50 mmol), NaH (144 mg, 6.00 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) were used following the procedure 
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outlined for the preparation of (Z)/(E)-5.3 affording a mixture of (Z)/(E)-5.25, 5.26, and 
5.27 as a yellow oil (350 mg).   1H NMR (300 MHz, CDCl3) δ mixture of  (Z)/(E)-5.25 
5.26, and 5.27:  7.55−7.25 (m), 6.96−6.90 (m), 6.76 (d, J = 8.9 Hz); 19F NMR (283 MHz, 
CDCl3) δ (Z)-5.26: −92.3 and −112.9 (s, (Z)-CF=CF); (E)-5.26: −105.5 and −139.8 (d, J 
= 128.4 Hz, (E)-CF=CF); 5.26: −127.3 (s, ArO−CF=C−SAr2); 5.27: −102.8 (s, 
ArO−CF=C−S/OAr2); GC−EIMS (70 eV) m/z (% relative intensity) (Z)-5.25: 344, 342 
(M+, 34, 29), 263, 265 (19, 20), 171 (61), 155 (22), 139 (58), 127 (68), 121 (21), 77 
(100), 51 (56); (E)-5.25: 344, 342 (M+, 34, 29), 263, 265 (19, 20), 171 (61), 155 (22), 139 
(58), 127 (68), 121 (21), 77 (100), 51 (56); 5.26: 434, 432 (M+, 15, 13), 183 (100), 152 
(64), 139 (14), 121 (13), 109 (24), 77 (16), 51 (16); 5.27: 498, 496, 494 (M+, 27, 48, 25), 
297, 295 (100, 92), 281, 279 (79, 82), 244 (30), 215 (42), 200 (50), 183 (38), 172 (37), 
157, 155 (49, 54), 152 (82), 139 (37), 121 (43), 105 (77), 96 (62), 77, 76, 75 (59, 61, 57), 
63 (30), 51, 50 (52, 52). 
 
Compound 5.28 
Benzenethiol (153 µL, 1.50 mmol), Cs2CO3 (244 mg, 0.75 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) were used following the procedure 
outlined for the preparation of 5.10 affording the 5.28 as a yellow oil (410 mg, 75%).   1H 
NMR (300 MHz, CDCl3) δ 7.55 (d, J = 6.7 Hz), 7.49−7.35 (m), 6.95 (d, J = 6.7 Hz), 5.78 
(ddd, J = 59.2, 4.8, 3.1 Hz, CHFCF2); 19F NMR (283 MHz, CDCl3) δ −87.2 and −89.1 
(AB pattern, J = 144.8, 9.8 Hz, CHFCF2), −134.2 (dt, J = 59.2, 13.2 Hz, CHFCF2); 
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GC−EIMS (70 eV) m/z (% relative intensity) 364, 362 (M+, 71, 67), 171 (69), 157, 155 
(35, 37), 141 (52), 127 (31), 109 (100), 77 (35), 65 (38), 51 (26). 
 
Mixture of Compounds (Z)/(E)-5.29, 5.30, and 5.31 
Benzeneselenol (100 mg, 0.64 mmol), sodium hydride (61 mg, 2.54 mmol) and 1-bromo-
4-(trifluorovinyloxy)benzene (5.1) (161 mg, 0.64 mmol) were used following the 
procedure outlined for the preparation of (Z)/(E)-5.3 affording the product mixture 
(Z)/(E)-5.29, 5.30, and 5.31 (120 mg).  1H NMR (300 MHz, CDCl3) δ mixture of  (Z)/(E)-
5.29, 5.30, and 5.31:  7.78−6.93 (m), 5.71 (ddd, J = 60.1, 5.13, 3.4 Hz, CHFCF2); 19F 
NMR (283 MHz, CDCl3) δ (Z)/(E)-5.29: −89.8 and −134.8 (d, J = 19.8 Hz, (Z)-CF=CF), 
−106.1 and −140.4 (d, J = 131.7 Hz, (E)-CF=CF); 5.30: −85.7 and −88.0 (AB pattern, J = 
223.8, 13.2 Hz, CHFCF2), −133.1 (dt, J = 62.5, 13.2 Hz, CHFCF2); GC−EIMS (70 eV) 
m/z (% relative intensity) (Z)/(E)-5.29: 392, 390, 388 (M+, 11, 15, 9), 219, 218, 217, 216, 
215 (41, 18, 20, 15, 12), 187 (14), 157, 155 (18, 48), 127 (100), 77, 76, 75 (37, 26, 26), 
51, 50 (38, 31); 5.30: 412, 410, 408 (28, 25, 17), 249, 247 (34, 17), 219, 217 (22, 10), 
159, 157, 155, 154, 153 (15, 100, 59, 13, 18), 127 (18), 77, 76, 75 (37, 16, 14), 63 (14), 
51, 50 (25, 19); (Z)/(E)-5.31: 314, 312, 310 (50, 45, 40), 234, 232, 230 (30, 10, 10), 159, 
157, 155, 154, 153 (15, 100, 59, 13, 18), 117 (10), 77, 76, 75 (95, 5, 5), 65 (15), 51, 50 
(40, 20). 
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Mixture of Compounds (Z)/(E)-5.32 and 5.33 
Diphenylphosphine (261 µL, 1.50 mmol), NaH (144 mg, 6.00 mmol) and 1-bromo-4-
(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) were used following the procedure 
outlined for the preparation of (Z)/(E)-5.3 affording a mixture of (Z)/(E)-5.32 and 5.33 as 
a yellow oil (425 mg, 68%).  Compound 5.33 was also prepared using Cs2CO3 as the base 
following the procedure outlined for the preparation of 5.10.  19F NMR (283 MHz, 
CDCl3) δ (Z)- 5.32: −84.7 and −161.9 (d, J = 13.2 Hz, (Z)-CF=CF); (E)- 5.32: −107.8 
(dd, J = 131.7, 65.8 Hz), −167.4 (d, J = 131.6 Hz, (E)-CF=CF); 5.33: −109.4 and −111.8 
(AB pattern, J = 111.8, 6.5 Hz, JF−P = 69.1 Hz, CHFCF2), −138.7 (dt, J = 59.2, 9.9 Hz, 
CHFCF2); 31P NMR (122 MHz, CDCl3) δ (Z)- 5.32: −20.9 and −23.5 (s, (Z)-
CF=CF−PPh2); (E)- 5.32: −12.9 and −25.4 (d, JP−F = 60.5 Hz, (E)-CF=CF−PPh2), −1.38 
(t, JP−F = 74.5 Hz, CHFCF2−PPh2); GC−EIMS (70 eV) m/z (% relative intensity) (Z)/(E)- 
5.32: 420, 419, 418, 417 (M+, 8, 10, 8, 10), 402, 401, 399, 398 (28, 30, 29, 26), 373, 371 
(22, 25), 263 (20), 183 (100), 165 (15), 152 (10), 107 (15), 77 (12), 51 (15). 
 
Compound 5.34 
CsF (228 mg, 1.50 mmol) and 1-bromo-4-(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 
mmol) in DMF (5 mL) were placed in a preheated oil bath at 60 °C and allowed to stir for 
24 h.  The mixture was then treated with DI H2O (25 mL).  The organic layer was 
separated and the aqueous layer was extracted with Et2O (2 × 25 mL).  The combined 
organic layers were washed with water (2 × 50 mL), dried over MgSO4, filtered over a 
pad of silica gel, and concentrated under vacuum affording 5.34 as an oily yellow solid 
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(50 mg, 12%).  1H NMR (300 MHz, CDCl3) δ 7.52−7.48 (m), 7.13−6.98 (m) 5.78 (dq, J 
= 58.2, 3.1 Hz, CHFCF2); 19F NMR (283 MHz, CDCl3) δ −82.2 (s, CHFCF3), −139.9 (dq, 
J = 59.4, 6.6 Hz, CHFCF3); GC−EIMS (70 eV) m/z (% relative intensity) 274, 272 (M+, 
85, 100), 171, 173 (36, 28), 157, 155 (36, 38), 145, 143 (33, 35), 63 (29), 50 (25). 
 
Compound 5.35 
Monosilanolcyclopentyl-POSS (918 mg, 1.00 mmol), Cs2CO3 (244 mg, 0.75 mmol) and 
1-bromo-4-(trifluorovinyloxy)benzene (5.1) (380 mg, 1.50 mmol) were used following 
the procedure outlined for the preparation of 5.10 affording the product 5.36 as a pale 
yellow solid (960 mg, 82%).  1H NMR (CDCl3, 300 MHz) δ 7.49 (d, J = 8.9 Hz, 4H), 
7.00 (d, J = 8.9 Hz, 4H), 5.79 (dq, J = 58.4, 2.76 Hz, CHFCF2), 1.79−1.43 (m, 56H), 
1.04−0.85 (m, 7H); 19F NMR (283 MHz, CDCl3) δ −83.2 (s, CHFCF2), −139.9 (dt, J = 
59.2, 7.0 Hz, CHFCF2). 
 
Compound 5.36 
Sodium hydride (310 mg, 19.2 mmol) and 1-bromo-4-(trifluorovinyloxy)benzene (5.1) 
(100 mg, 0.40 mmol) in DMF (5 mL) were placed in a preheated oil bath at 80 °C and 
allowed to stir for 1 h.  The mixture was then treated with DI H2O (25 mL).  The organic 
layer was separated and the aqueous layer was extracted with Et2O (2 × 25 mL).  The 
combined organic layers were washed with water (2 × 50 mL), dried over MgSO4, 
filtered over a pad of silica gel, and concentrated under vacuum affording the product 
mixture 5.37 and unidentifiable compound as a yellow oil (60 mg).  For product mixture, 
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1H NMR (300 MHz, CDCl3) δ 7.51−7.48 (m), 7.13−7.02 (m), 6.08 (d, J = 60.4 Hz), 5.81 
(dt, J = 58.2 Hz, 3.1 Hz, CHFCF2); For unidentifiable peak, 19F NMR (283 MHz, CDCl3) 
δ −125.2 (d, J = 59.2 Hz); For unidentifiable peak, GC−EIMS (70 eV) m/z (% relative 
intensity) 277, 275 (M+, 10, 9), 157, 155 (9, 10), 72 (100). 
 
General Procedure for the Isolation of (Z)- and (E)-Isomers 
Dispersion of the vacuum dried (Z)- and (E)-isomer mixture in MeOH (10−20 mL) 
precipitated exclusively the (E) isomer as a white or yellow solid, which was filtered and 
dried in vacuum.  This process is typically repeated 5−10 times to separate the (E)-isomer 
affording >90% pure isolated (Z)-isomer as a yellow oil.  X-ray quality white crystals 
were produced by recrystallization of the combined precipitates of the (E)-isomers of 3 
and 5 from slow evaporation in diethyl ether at room temperature.  
 
Synthesis and Characterization of Fluoroethylene/vinylene Alkyl/Aryl Ether 
Polymers and Telechelomers 
Polymer P6.1   
2,2-Bis(4-hydroxyphenyl)hexafluoropropane (336 mg, 1.00 mmol) dissolved in 
anhydrous DMF (2 mL) was added drop wise to a stirred suspension of NaH (52.8 mg, 
2.20 mmol) in DMF (2 mL) at room temperature for 1 h.  4,4’-bis(4-
trifluorovinyloxy)biphenyl (346 mg, 1.00 mmol) in DMF (2 ml) was transferred into the 
solution via syringe in a single portion. The solution was then heated to 80 °C for 24 h.  
The reaction was monitored the first few hours to see if solution gelled or solidified; at 
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this time additional DMF was added to maintain a constant stirring rate.  The solution 
contents were then precipitated in H2O, filtered under vacuum, washed repeatedly with 
H2O, MeOH, and hexanes.  The solid was dried in a vacuum oven at 60 °C for 24 h to 
afford the title compound as a pale yellow solid (550 mg, 81%).  ATR–FTIR (neat) ν 
1607 (w), 1495 (m), 1172 (vs), 1114 (s), 829 (m) cm−1; 1H NMR (CDCl3, 300 MHz) δ 
7.80–6.80 (m), 6.20−6.70 (m); 19F NMR (CDCl3, 283 MHz) δ –63.8 (s, C(CF3)2), –85.6 
(s, CHFCF2), 120.8 (d, J = 32.8 Hz, (Z)-CF=CF), –122.2 (d, J = 49.3 Hz, (Z)-CF=CF), –
126.6 (d, J = 111.8 Hz, (E)-CF=CF), –128.6 (d, J = 111.7, (E)-CF=CF), –138.5 (d, J = 
59.2 Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal 
distribution of Mn = 12,100 (Mw/Mn = 2.0).  DSC analysis of second heating at 10 °C/min 
to 200 °C gave Tg = 88 °C and TGA (10 °C/min) gave Td (onset) = 324 and 554 °C in 
nitrogen and 551 °C in air. 
 
Polymer P6.2  
2,2-Bis(4-hydroxyphenyl)propane (500 mg, 2.20 mmol) was used for the addition to 4,4’-
bis(4-trifluorovinyloxy)biphenyl (871 mg, 2.20 mmol) using the procedure outlined for 
the preparation of P6.1 to obtain the title compound as a white solid (1.20 g, 88%).  
ATR–FTIR (neat) ν 2967 (w), 1604 (w), 1494 (vs), 1260 (vs), 1169 (vs), 1116 (vs), 824 
(m) cm−1; 1H NMR (DMSO-d6, 300 MHz) δ 7.70–7.56 (m), 6.85−6.65 (m), 3.15 (d, J = 
5.64 Hz); 19F NMR (DMSO-d6, 283 MHz) δ −85.3 and −85.7 (AB pattern, J = 150.0 Hz, 
CFHCF2), –121.4 (d, J = 39.5 Hz, (Z)-CF=CF), –122.0 (d, J = 39.4 Hz, (Z)-CF=CF), –
128.2 (d, J = 108.5 Hz, (E)-CF=CF), –128.7 (d, J = 108.5 Hz, (E)-CF=CF), –141.1 (d, J 
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= 55.9 Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal 
distribution of Mn = 23,400 (Mw/Mn = 1.3).  As a comparison using 19F NMR, molecular 
weight relative to α,α,α-trifluorotoluene as an internal standard gave a calculated Mn = 
15,000.  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 95 °C and 
TGA (10 °C/min) gave Td (onset) = 319 and 524 °C in nitrogen and 561 °C in air. 
 
Polymer 6.2’  
2,2-Bis(4-hydroxyphenyl)propane (500 mg, 2.20 mmol),  4,4’-bis(4-
trifluorovinyloxy)biphenyl (871 mg, 2.20 mmol), and Cs2CO3 (358 mg, 1.10 mmol) in a 
minimal amount of DMF to initiate stirring was heated to 80 °C for 24 h.  The reaction 
was monitored the first few hours to see if solution gelled or solidified; at this time 
additional DMF was added to maintain a constant stirring rate.  The solution contents 
were then precipitated in H2O, filtered under vacuum, washed repeatedly with H2O, 
MeOH, and hexanes.  The solid was dried in a vacuum oven at 60 °C for 24 h to afford 
the title compound as a yellow solid (1.10 mg, 80%).  ATR–FTIR (neat) ν 2969 (w), 
1604 (w), 1495 (vs), 1269 (m), 1172 (vs), 1095 (vs), 823 (vs) cm−1; 1H NMR (CDCl3, 
300 MHz) δ 7.55−7.45 (m), 7.25–7.7.16 (m), 6.03−5.82 (m), 1.68 (s); 19F NMR (CDCl3, 
283 MHz) δ –85.2 and −85.6 (AB pattern, J = 151.0 CFHCF2), –121.3 (d, J = 42.7 Hz, 
(Z)-CF=CF), –122.0 (d, J = 42.7 Hz, (Z)-CF=CF), –127.5 (d, J = 111.8 Hz, (E)-CF=CF), 
–128.2 (d, J = 111.5 Hz, (E)-CF=CF), –138.6 (d, J = 49.3 Hz, CHFCF2).  GPC in CHCl3 
relative to polystyrene gave a monomodal distribution of Mn = 11,800 (Mw/Mn = 1.7).  
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DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 34 °C and TGA (10 
°C/min) gave Td (onset) = 336 and 513 °C in nitrogen and 632 °C in air.  
 
Polymer P6.3  
2,2-Bis(4-hydroxyphenyl)hexafluoropropane (500 mg, 1.48 mmol) was used for the 
addition to 2,2-bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-hexafluoropropane (893 mg, 
1.48 mmol) using the procedure outlined for the preparation of P6.1 to obtain the title 
compound as a pale yellow solid (450 mg, 32%).  ATR–FTIR (neat) ν 1610 (w), 1511 
(m), 1173 (vs), 1120 (m), 829 (vs) cm−1;  1H NMR (CDCl3, 300 MHz) δ 7.40–7.15 (m), 
6.05–5.86 (m); 19F NMR (CDCl3, 283 MHz) δ −63.9 (s, C(CF3)2), –85.9 (s, CFHCF2), –
121.6 (s, (Z)-CF=CF), –127.7 (s, (E)-CF=CF), –139.6 (d, J = 59.2 Hz, CHFCF2).  GPC in 
CHCl3 relative to polystyrene gave a monomodal distribution of Mn = 15,800 (Mw/Mn = 
1.8).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 102 °C and TGA 
(10 °C/min) gave Td (onset) = 370 and 521 °C in nitrogen and 534 °C in air. 
 
Polymer P6.4  
2,2-Bis(4-hydroxyphenyl)propane (500 mg, 2.20 mmol) was used for the addition to 2,2-
bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-hexafluoropropane (1.10 g, 2.20 mmol) using 
the procedure outlined for the preparation of P6.1 to obtain the title compound as a white 
solid (815 mg, 48%).  ATR–FTIR (neat) ν 2160 (w), 1520 (w), 1105 (vs), 833 (m) cm−1; 
1H NMR (DMSO-d6, 300 MHz) δ 8.10−7.99 (m), 3.36 (s); 19F NMR (DMSO-d6, 283 
MHz) δ −64.4 (s, C(CF3)2), −85.6 and −86.0 (AB pattern, J = 165.0 Hz, CFHCF2), –
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121.7 (d, J = 39.5 Hz, (Z)-CF=CF), –123.9 (d, J = 42.7 Hz, (Z)-CF=CF), –127.9 (d, J = 
108.5 Hz, (E)-CF=CF), –130.4 (d, J = 111.8 Hz, (E)-CF=CF), –141.9 (d, J = 55.9 Hz, 
CHFCF2).  Using 19F NMR, molecular weight relative to α,α,α-trifluorotoluene as an 
internal standard gave a calculated Mn = 11,800.  DSC analysis of second heating at 10 
°C/min to 200 °C gave Tg = 122 °C and TGA (10 °C/min) gave Td (onset) = 302 and 543 
°C in nitrogen and 566 °C in air.  
 
Polymer P6.5 
2,2-Bis(4-hydroxyphenyl)propane (500 mg, 2.19 mmol) was used for the addition to 2,2-
bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-propane (850 mg, 2.19 mmol) using the 
procedure outlined for the preparation of P6.1 to obtain the title compound as a white 
solid (1.10 g, 81%).  ATR–FTIR (neat) ν 2970 (w), 1604 (w), 1503 (vs), 1259 (vs), 1168 
(s), 1118 (m), 832 (m) cm−1; 1H NMR (CDCl3 with 20 vol % DMSO-d6, 300 MHz) δ 
6.53–6.29 (m), 0.93 (s); 19F NMR (CDCl3, 283 MHz) δ –85.7 (s, CFHCF2), –122.0 (s, 
(Z)-CF=CF), –128.1 (s, (E)-CF=CF), –138.6 (s, CHFCF2).  Using 19F NMR, molecular 
weight relative to α,α,α-trifluorotoluene as an internal standard gave a calculated Mn = 
14,300.  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 90 °C and 
TGA (10 °C/min) gave Td (onset) = 321 and 534 °C in nitrogen and 512 °C in air.  
 
Polymer P6.6  
2,2-Bis(4-hydroxyphenyl)hexafluoropropane (736 mg, 2.19 mmol) was used for the 
addition to 2,2-bis(4-trifluorovinyloxyphenyl)-1,1,1,3,3,3-propane (850 mg, 2.19 mmol) 
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using the procedure outlined for the preparation of P6.1 to obtain the title compound as a 
white solid (1.30 g, 82%).  ATR–FTIR (neat) ν 1678 (w), 1596 (s), 1168 (vs), 1104 (s), 
830 (m) cm−1; 1H NMR (DMSO-d6, 300 MHz) δ 7.70–7.57 (m), 3.34 (s); 19F NMR 
(DMSO-d6, 283 MHz) δ −63.6 (s, C(CF3)2), −84.6 and −85.1 (AB pattern, J = 148.0 Hz, 
CFHCF2), –120.9 (d, J = 39.4 Hz, (Z)-CF=CF), –122.6 (d, J = 55.9 Hz, (Z)-CF=CF), –
127.7 (d, J = 109.0 Hz, (E)-CF=CF), –129.7 (d, J = 108.5 Hz, (E)-CF=CF), –140.9 (d, J 
= 59.2 Hz, CHFCF2).  Using 19F NMR, molecular weight relative to α,α,α-
trifluorotoluene as an internal standard gave a calculated Mn = 35,500.  DSC analysis of 
second heating at 10 °C/min to 200 °C gave Tg = 44 °C and TGA (10 °C/min) gave Td 
(onset) = 343 and 439 °C in nitrogen and 565 °C in air.  
 
Polymer P6.7  
4,4'-Dihydroxydiphenyl (252 mg, 1.25 mmol) was used for the addition to 2,2-bis(4-
trifluorovinyloxyphenyl)-1,1,1,3,3,3-propane (485 mg, 1.25 mmol) using the procedure 
outlined for the preparation of P6.1 to obtain the title compound as a white solid (514 g, 
70%).  ATR−FTIR (neat) ν 2959 (w), 1604 (w), 1493 (vs), 1166 (vs), 1099 (vs), 829 (m) 
cm−1; 19F NMR (DMSO-d6, 283 MHz) δ −85.3 and −85.8 (AB pattern, J  = 147.9 Hz, 
CFHCF2), –121.3 (d, J = 36.2 Hz, (Z)-CF=CF), –122.1 (d, J = 36.2 Hz, (Z)-CF=CF), –
128.3 (d, J = 108.0 Hz, (E)-CF=CF), –128.5 (d, J = 108.5 Hz, (E)-CF=CF), –140.7 (d, J 
= 55.9 Hz, CHFCF2).  Using 19F NMR, molecular weight relative to α,α,α-
trifluorotoluene as an internal standard gave a calculated Mn = 13,600.  DSC analysis of 
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second heating at 10 °C/min to 200 °C gave Tg = 99 °C and TGA (10 °C/min) gave Td 
(onset) = 313 and 523 °C in nitrogen and 436 °C in air. 
 
Polymer P6.8 
4,4'-Dihydroxydiphenyl (233 mg, 1.25 mmol) was used for the addition to 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (485 mg, 1.25 mmol) using the procedure outlined for 
the preparation of P6.1 to obtain the title compound as a white solid (341 mg, 47%).  
ATR−FTIR (neat) ν 2954 (w), 1609 (w), 1494 (m), 1172 (vs), 1100 (vs), 829 (m) cm−1; 
19F NMR (DMSO-d6, 283 MHz) δ −63.4 (s, C(CF3)2), −85.2 and −85.7 (AB pattern, J = 
144.6 Hz, CFHCF2), –120.9 (d, J = 39.5 Hz, (Z)-CF=CF), –122.1 (d, J = 39.5 Hz, (Z)-
CF=CF), –127.2 (d, J = 108.5 Hz, (E)-CF=CF), –129.2 (d, J = 108.5 Hz, (E)-CF=CF), –
142.4 (d, J = 55.9 Hz, CHFCF2).  Using 19F NMR, molecular weight relative to α,α,α-
trifluorotoluene as an internal standard gave a calculated Mn = 15,000.  DSC analysis of 
second heating at 10 °C/min to 200 °C gave Tg = 112 °C and TGA (10 °C/min) gave Td 
(onset) = 310 and 528 °C in nitrogen and 486 °C in air. 
 
Polymer P6.10  
1,4-butane diol (113 mg, 1.25 mmol) was used for the addition to 2,2-bis(4-
trifluorovinyloxyphenyl)-1,1,1,3,3,3-propane (485 mg, 1.25 mmol) using the procedure 
outlined for the preparation of P6.1 to obtain the title compound as a white solid (535 mg, 
89%).  ATR−FTIR (neat) ν 1604 (w), 1490 (m), 1172 (vs), 1091 (vs), 829 (vs) cm−1; 1H 
NMR (DMSO-d6, 300 MHz) δ 7.70–7.50 (m), 3.35 (s), 2.04 (s); 19F NMR (DMSO-d6, 
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283 MHz) δ −84.8 and –85.5 (AB pattern, J = 148.0 Hz, CFHCF2), –121.0−(−122.1) (m, 
(Z)-CF=CF), –128.7 (s, (E)-CF=CF), –140.7 (d, J = 59.2 Hz, CHFCF2).  Using 19F NMR, 
molecular weight relative to α,α,α-trifluorotoluene as an internal standard gave a 
calculated Mn = 900.  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 
57 °C. 
 
Polymer P6.11  
1,4-tetrafluorobutanediol (203 mg, 2.5 mmol) was used for the addition to 2,2-Bis(4-
trifluorovinyloxyphenyl)-1,1,1,3,3,3-propane (970 mg, 2.5 mmol) using the procedure 
outlined for the preparation of P6.1 to obtain the title compound as a white solid (695 g, 
60%).  1H NMR (CDCl3, 300 MHz) δ 7.26–6.90 (m), 5.85−5.66 (m), 4.44−4.32 (m), 1.64 
(s); 19F NMR (CDCl3, 283 MHz) δ –89.6 and –90.4 (AB pattern, J = 144.6 Hz, CFHCF2), 
−121.6 (s), 122.2 (s), –122.8 (d, J = 42.7 Hz, (Z)-CF=CF), –124.8 (d, J = 42.7 Hz, (Z)-
CF=CF), –128.5 (d, J = 108.5 Hz, (E)-CF=CF), –131.7 (d, J = 108.5 Hz, (E)-CF=CF), –
138.1 (d, J = 59.2 Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene gave a 
monomodal distribution of Mn = 6,800 (Mw/Mn = 2.4).  DSC analysis of second heating at 
10 °C/min to 200 °C gave Tg = 2.4 °C. 
 
Telechelomer T6.12   
4,4'-Dihydroxydiphenyl ether (1.01 g, 5.00 mmol) dissolved in anhydrous DMF (5 mL) 
was added drop wise to a stirred suspension of NaH (300 mg, 12.5 mmol) in DMF (5 
mL) at room temperature for 1 h.  The suspension was then transferred via cannula while 
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maintaining drop wise addition to a solution of 4,4'-bis(4-trifluorovinyloxy)biphenyl 
(5.20 g, 15.0 mmol) in DMF (10 mL) at 45 °C.  After 24 h, the solution was treated with 
saturated aqueous NH4Cl (20 mL).  The organic layer was separated and the aqueous 
layer was extracted with EtOAc (2 x 10 mL).  The combined organic layers were washed 
successively with water (20 mL), brine (20 mL), and dried (MgSO4).  After filtration, the 
solvent was removed under reduced pressure affording a viscous yellow oil.  Methanol 
(30 mL) was added to precipitate solids; the suspension was then filtered under vacuum 
and was successively washed with methanol (100 mL) and hexanes (100 mL).  The solid 
was dried under vacuum to afford the title compound as a white solid (1.81 g, 50%).  Mp 
116 °C (DSC); ATR–FTIR (neat) ν 1605 (w), 1491 (m), 1161 (vs), 1111 (vs), 820 (m) 
cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.67–7.47 (m), 7.33–6.90 (m); 19F NMR (CDCl3, 
283 MHz) δ –85.8 (s, CHFCF2), –119.4 (dd, J = 95.5, 55.9 Hz, cis-CF=CF2), –121.5 (d, J 
= 39.5 Hz, (Z)-CF=CF), –122.0 (d, J = 42.7 Hz, (Z)-CF=CF), –126.3 (dd, J = 111.9, 98.8 
Hz, trans-CF=CF2), –127.7 (d, J = 111.9 Hz, (E)-CF=CF); –128.2 (d, J = 108.6 Hz, (E)-
CF=CF); –133.8 (dd, J = 129.4, 59.2 Hz, CF=CF2), –138.67 (d, J = 49.3 Hz, CHFCF2).  
GPC in CHCl3 relative to polystyrene gave a multimodal distribution of Mn = 1,300 
(Mw/Mn = 1.6).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 10 °C. 
 
Polymer T6.12 
In a vacuum sealed glass ampoule, 50 mg of T6.12 was heated to 210 °C for 1 h 
affording a yellow organic soluble film in essentially quantitative yield.  19F NMR 
(CDCl3, 283 MHz) δ –85.7 (s, CHFCF2), –119.4 (dd, J = 95.5, 55.9 Hz, cis-CF=CF2), –
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121.3−(−121.5) (m, (Z)-CF=CF), –121.8−(−122.1) (m, (Z)-CF=CF), –126.3 (dd, J = 
111.9, 98.8 Hz, trans-CF=CF2), −128.0−(−131.4) (m, (E)-CF=CF and cyclobutyl-F6), –
133.8 (dd, J = 129.4, 59.2 Hz, CF=CF2), –138.5 (d, J = 59.2 Hz, CHFCF2).  GPC in 
CHCl3 relative to polystyrene gave a monomodal distribution with Mn = 6,300 (Mw/Mn = 
2.2).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 70 °C and TGA 
(10 °C/min) gave Td (onset) = 283 and 534 °C in nitrogen and 262 and 525 °C in air. 
 
Telechelomer T6.13 
4,4'-Dihydroxy diphenyl sulfide (1.10 g, 5.00 mmol) was used for the addition to 4,4’-
bis(4-trifluorovinyloxy)biphenyl (5.2 g, 15.0 mmol) using the procedure outlined for the 
preparation of T6.12 to obtain the title compound as a white solid (1.60 g, 23%).  Mp 54 
°C (DSC); ATR–FTIR (neat) ν 1600 (w), 1486 (m), 1161 (vs), 1109 (vs), 834 (m) cm−1; 
1H NMR (CDCl3, 300 MHz) δ 7.62–6.98 (m); 19F NMR (CDCl3, 283 MHz) δ –85.7 (s, 
CHFCF2), –119.4 (dd, J = 95.5, 55.9 Hz, cis-CF=CF2), –121.3 (d, J = 42.8 Hz, (Z)-
CF=CF), –121.9 (d, J = 39.5 Hz, (Z)-CF=CF), –126.3 (dd, J = 111.9, 98.7 Hz, trans-
CF=CF2), –127.3 (d, J = 111.9 Hz, (E)-CF=CF), –128.2 (d, J = 111.9 Hz, (E)-CF=CF), –
133.8 (dd, J = 111.9, 59.2 Hz, CF=CF2), –138.5 (d, J = 59.2 Hz, CHFCF2).  GPC in 
CHCl3 relative to polystyrene gave a multimodal distribution of Mn = 1,200 (Mw/Mn = 
1.6).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 27 °C 
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Polymer P6.13 
In a vacuum sealed glass ampoule, 50 mg of P6.13 was heated to 210 °C for 1 h 
affording a yellow organic soluble film in essentially quantitative yield.  19F NMR 
(CDCl3, 283 MHz) δ –86.8 (s, CHFCF2), –119.4 (dd, J = 95.5, 55.9 Hz, cis-CF=CF2), –
122.4 (d, J = 42.7 Hz, (Z)-CF=CF), –123.1 (d, J = 42.7 Hz, (Z)-CF=CF), 
−128.0−(−131.4) (m, (E)-CF=CF and cyclobutyl-F6), –134.8 (dd, J = 129.4, 59.2 Hz, 
CF=CF2), –140.5 (d, J = 59.2 Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene gave 
a monomodal distribution of Mn = 9,800 (Mw/Mn = 3.3).  DSC analysis of second heating 
at 10 °C/min to 200 °C gave Tg = 57 °C and TGA (10 °C/min) gave Td (onset) = 310 and 
550 °C in nitrogen and 304 and 600 °C in air. 
 
Telechelomer T6.14   
2,2-Bis(4-hydroxyphenyl)hexafluoropropane (672 mg, 2.00 mmol) was used for the 
addition to 4,4’-bis(4-trifluorovinyloxy)biphenyl (2.08 g, 6.00 mmol) using the procedure 
outlined for the preparation of T6.12 to obtain the title compound as a white solid (600 
mg, 35%).  Mp 60 °C (Mel-Temp); ATR–FTIR (neat) ν 1607 (w), 1482 (m), 1162 (vs), 
1059 (vs), 831 (m) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.70–7.05 (m); 19F NMR 
(CDCl3, 283 MHz) δ –63.9 (s, C(CF3)2), –85.9 (s, CHFCF2), –119.4 (dd, J = 98.7, 59.8 
Hz, cis-CF=CF2), –120.9 (d, J = 39.5 Hz, (Z)-CF=CF), –122.2 (d, J = 39.5 Hz, (Z)-
CF=CF), –126.3 (dd, J = 111.9, 98.7 Hz, trans-CF=CF2), –126.6 (d, J = 108.5 Hz, (E)-
CF=CF), –128.7 (d, J = 108.6 Hz, (E)-CF=CF); –133.8 (dd, J = 108.6, 55.2 Hz, 
CF=CF2), –138.5 (d, J = 59.2 Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene gave 
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a multimodal distribution of Mn = 1,700 (Mw/Mn = 1.4).  DSC analysis of second heating 
at 10 °C/min to 200 °C gave Tg = 12 °C 
 
Polymer P6.14  
In a vacuum sealed glass ampoule, 50 mg of T6.14 was heated to 210 °C for 1 h 
affording a yellow organic soluble film in essentially quantitative yield.  19F NMR 
(CDCl3, 283 MHz) δ –64.3 (s, C(CF3)2), –86.6 (s, CHFCF2), –120.3 (dd, J = 98.7, 59.8 
Hz, cis-CF=CF2), –121.6 (d, J = 39.5 Hz, (Z)-CF=CF), –123.0 (d, J = 39.5 Hz, (Z)-
CF=CF), –127.3 (dd, J = 111.9, 98.7 Hz, trans-CF=CF2), −127.2−(−131.6) (m, (E)-
CF=CF and cyclobutyl-F6), –134.4 (dd, J = 108.6, 55.2 Hz, CF=CF2), –139.9 (d, J = 59.2 
Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal distribution of 
Mn = 13,900 (Mw/Mn = 5.3).  DSC analysis of second heating at 10 °C/min to 200 °C gave 
Tg = 57 °C and TGA (10 °C/min) gave Td (onset) = 340 and 543 °C in nitrogen and 560 
°C in air. 
 
 
Telechelomer T6.15 
Bis(4-hydroxyphenyl) sulfone (500 mg, 2.00 mmol) was used for the addition to 4,4’-
bis(4-trifluorovinyloxy)biphenyl (2.08 g, 6.00 mmol) using the procedure outlined for the 
preparation of T6.12 to obtain the title compound as a white solid (300 mg, 20%).  Mp 55 
°C (DSC); ATR−FTIR (neat) ν 1603 (w), 1510 (m), 1161 (vs), 1100 (vs), 821 (m) cm−1; 
1H NMR (CDCl3, 300 MHz) δ 8.15–7.80 (m), 7.70–7.00 (m); 19F NMR (CDCl3, 283 
MHz) δ –85.8 (s, CHFCF2), –119.4 (dd, J = 98.7, 59.2 Hz, cis-CF=CF2), –119.6 (d, J = 
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40.5 Hz, (Z)-CF=CF), –123.1 (d, J = 42.7 Hz, (Z)-CF=CF), –125.3 (d, J = 108.6 Hz, (E)-
CF=CF), –126.3 (dd, J = 111.9, 95.5 Hz, trans-CF=CF2), –129.3 (d, J = 120.4 Hz, (E)-
CF=CF); –133.8 (dd, J = 111.9, 55.9 Hz, CF=CF2), –138.4 (d, J = 59.2 Hz, CHFCF2).  
GPC in CHCl3 relative to polystyrene gave a multimodal distribution of Mn = 1,200 
(Mw/Mn = 1.6). 
 
Polymer P6.15 
In a sealed aluminum DSC sample pan, 9 mg of T6.15 was heated to 350 °C at 10 °C/min 
and held at 350 °C for 2 h under nitrogen. Thermal polymerization yielded an insoluble 
black solid in essentially quantitative yield.  DSC analysis of first heating (10 °C/min) an 
onset of polymerization at 162 °C, 225 °C, and 330 °C and a maximum exotherm at 348 
°C.  DSC analysis of second heating at 10 °C/min to 250 °C gave no observable Tg and 
TGA (10 °C/min) gave Td (onset) = 400 °C in nitrogen and 316 °C in air. 
 
Telechelomer T6.16 
2,2-bis(4-hydroxyphenoxy)hexafluorocyclobutane (1.08 g, 2.00 mmol) was used for the 
addition to 4,4’-bis(4-trifluorovinyloxy)biphenyl (2.08 g, 6.00 mmol) using the procedure 
outlined for the preparation of T6.12 to obtain the title compound as a white solid (618 
mg, 20%).  1H NMR (CDCl3, 300 MHz) δ 7.56–7.53 (m), 7.28–7.12 (m); 19F NMR 
(CDCl3, 283 MHz) δ −85.7 (s, CFHCF2), –119.4 (dd, J = 95.5, 55.2 Hz, cis-CF=CF2), –
121.3 (d, J = 42.7 Hz, (Z)-CF=CF), –122.0 (d, J = 42.7 Hz, (Z)-CF=CF), –126.3 (dd, J = 
108.5, 95.4 Hz, trans-CF=CF2), trans-CF=CF2 masked due to overlap with cyclobutyl-F6, 
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−127.5−(−131.4) (m, cyclobutyl-F6), –133.7 (dd, J = 108.5, 59.2 Hz, CF=CF2), –138.5 
(d, J = 98.6 Hz, CFHCF2).  GPC in CHCl3 relative to polystyrene gave a multimodal 
distribution of Mn = 4,700 (Mw/Mn = 1.1). 
 
Polymer P6.16  
In a vacuum sealed glass ampoule, 50 mg of T6.16 was heated to 210 °C and for 3 h 
affording a yellow organic soluble film in essentially quantitative yield.  19F NMR 
(CDCl3, 283 MHz) δ −85.7 (s, CFHCF2), –119.4 (dd, J = 95.5, 55.9 Hz, cis-CF=CF2), –
121.3−(−121.5) (m, (Z)-CF=CF), –121.8−(−122.1) (m, (Z)-CF=CF), –126.3 (dd, J = 
111.9, 98.8 Hz, trans-CF=CF2), –127.7−(−128.0) (m, (E)-CF=CF); −128.0−(−131.4) (m, 
cyclobutyl-F6), –133.8 (dd, J = 129.4, 59.2 Hz, CF=CF2) –138.5 (d, J = 98.6 Hz, 
CFHCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal distribution with Mn 
= 14,000 (Mw/Mn = 2.2). 
 
Telechelomer T6.17  
1,4-butane diol (89.0 µL, 1.00 mmol) dissolved in THF (3 mL) was added drop wise to a 
stirred suspension of NaH (53.0 mg, 2.20 mmol)  in THF (3 mL) at room temperature for 
1 h.  The suspension was then transferred via cannula while maintaining drop wise 
addition to a solution of 4,4'-bis(4-trifluorovinyloxy)biphenyl (1.04 g, 3.00 mmol) in 
DMF (3 mL).  The solution was then placed in a preheated oil bath at 45 °C.   After 24 h, 
the solution was treated with saturated aqueous NH4Cl (10 mL).  The organic layer was 
separated and the aqueous layer was extracted with EtOAc (2 x 5 mL).  The combined 
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organic layers were washed successively with water (10 mL), brine (10 mL), and dried 
(MgSO4).  After filtration, the solvent was removed under reduced pressure.   Purification 
of the residue by flash chromatography on silica gel using 100% hexanes then 5% EtOAc 
in hexanes for elution afforded the title compound as a yellow white solid (190 mg, 
17%).  Mp 61 °C (DSC); ATR−FTIR (neat) ν 2970 (w), 1602 (w), 1513 (vs), 1229 (vs), 
1162 (s), 1111 (m), 830 (m) cm−1; 1H NMR (CDCl3, 300 MHz) δ 7.56–7.50 (m), 7.30–
7.15 (m), 5.77 (dt, J = 58.7, 3.1 Hz, CHFCF2), 4.22–4.07 (m), 1.95–1.85 (m); 13C NMR 
(CDCl3, 75 MHz) δ 155.4, 154.6, 147.1 (dt, J = 1084, 273 Hz, CF=CF2), 137.2, 136.6, 
133.8 (ddd, J = 263.8, 47.7, 45.5 Hz, CF=CF2), 128.58, 128.51, 118.7 (td, J = 266.6, 30.4 
Hz, CHFCF2), 117.9, 116.4, 103.8 (d J = 233.5, 40.5 Hz, CHFCF2), 63.8, 25.6; 19F NMR 
(CDCl3, 283 MHz) δ –88.8 and –89.3 (AB pattern, J = 164.6 Hz, CHFCF2), –119.5 (dd, J 
= 95.5, 55.9 Hz, cis-CF=CF2), –126.5 (dd, J = 111.9, 98.7 Hz, trans-CF=CF2), –124.1 
(dd, J = 108.6, 52.7 Hz, CF=CF2), –138.7 (dt, J = 59.2, 9.9 Hz, CHFCF2).  GPC in 
CHCl3 relative to polystyrene gave a multimodal distribution of Mn = 1,500 (Mw/Mn = 
1.0). 
 
Polymer P6.17   
In a sealed aluminum DSC sample pan, 10 mg of T6.17 was heated to 250 °C at 10 
°C/min and held at 250 °C for 2 h under nitrogen.  Upon cooling, a clear yellow solid was 
recovered in essentially quantitative yield.   19F NMR (CDCl3, 283 MHz) δ –88.8 (s, 
CHFCF2), –127.9−(−131.2) (m, cyclobutyl-F6), –138.7 (d, J = 138.8 Hz, CHFCF2).  DSC 
analysis of first heating (10 °C/min) gave ∆H = 51 J/g  with an onset of polymerization at 
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190 °C and a maximum exotherm at 241 °C.  GPC in CHCl3 and relative to polystyrene 
gave monomodal distribution with Mn = 3,900 (Mw/Mn = 1.1).  DSC analysis of second 
heating at 10 °C/min to 250 °C gave Tg = 54 °C and TGA (10 °C/min) gave Td (onset) = 
242 °C in nitrogen. 
 
Dehydrofluorination of Telechelomer T6.17   
Lithium diisopropylamine (860 µL, 2 M in heptane/THF/ethylbenzene, 1.70 mmol) is 
added drop wise to a stirred solution of T6.17 (350 mg, 0.45 mmol) in toluene (5 mL) at 
0 °C.  The solution was warmed to room temperature and then placed in a preheated oil 
bath at 45 °C.   After 24 h, the solution was treated with saturated aqueous NH4Cl (10 
mL).  The organic layer was separated and the aqueous layer was extracted with Et2O (2 
x 5 mL).  The combined organic layers were washed successively with water (10 mL), 
brine (10 mL), and dried (MgSO4).  After filtration, the solvent was removed under 
reduced pressure.   Purification of the residue by flash chromatography on silica gel using 
100% hexanes then 5% EtOAc in hexanes for elution afforded the title compound as a 
pale yellow oil (180 mg, 49%).  1H NMR (CDCl3, 300 MHz) δ 7.60–7.40 (m), 7.20–7.15 
(m), 4.35−3.90 (m), 2.00–1.50 (m); 19F NMR (CDCl3, 283 MHz) δ –119.4 (dd, J = 94.5, 
59.3 Hz, cis-CF=CF2), −121.6 (d, J = 39.5, (Z)-CF=CF), −125.9 (d, J = 39.5, (Z)-
CF=CF), –126.2 (dd, J = 111.9, 98.7 Hz, trans-CF=CF2), −128.1 (d, J = 108.6, (E)-
CF=CF), −132.5 (d, J = 108.6, (E)-CF=CF), –133.8 (dd, J = 108.5, 55.9 Hz, CF=CF2).  
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Dehydrofluorinated Polymer P6.17 
In a sealed aluminum DSC sample pan, 10 mg of T6.17 (dehydrofluorinated, ca. 90% Z = 
CF=CF) was heated to 250 °C at 10 °C/min and held at 250 °C for 2 h under nitrogen.  
Thermal polymerization yielded an insoluble black solid.   DSC analysis of first heating 
(10 °C/min) gave with an onset of polymerization at 149 °C and a maximum exotherm at 
238 °C. DSC analysis of second heating at 10 °C/min to 250 °C gave no observable Tg. 
 
Telechelomer T6.18 
1,4-tetrafluorobutanediol (324 mg, 2.00 mmol) was used for the addition to 4,4'-bis(4-
trifluorovinyloxy)biphenyl  using the procedure outlined for the preparation of T6.17 to 
obtain the title compound as a white solid 310 mg, 15%).  Mp 122 °C (DSC); ATR−FTIR 
(neat) ν 2960 (w), 1614 (w), 1500 (vs), 1256 (vs), 1160 (s), 1118 (m), 830 (m) cm−1; 1H 
NMR (CDCl3, 300 MHz) δ 7.53–7.51 (m), 7.19–7.16 (m), 5.81 (dt, J = 58.7, 0.75 Hz, 
CHFCF2), 4.47 (t, J = 12.4 Hz); 13C NMR (CDCl3, 75 MHz)  δ 155.1, 154.6, 137.2, 
136.9, 128.6, 118.0, 116.4; 19F NMR (CDCl3, 283 MHz) δ –89.5 and –90.3 (AB pattern, 
J = 200.7 Hz, CHFCF2), –119.4 (dd, J = 95.5, 55.9 Hz, cis-CF=CF2), –121.6 (s, CF2CF2) 
–126.3 (dd, J = 111.9, 98.7 Hz, trans-CF=CF2), –133.8 (dd, J = 108.6, 55.9 Hz, 
CF=CF2), –138.4 (d, J = 59.2 Hz, CHFCF2).   GPC in CHCl3 relative to polystyrene gave 
a multimodal distribution of Mn = 3,100 (Mw/Mn = 1.0). 
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Polymer P6.18  
In a sealed aluminum DSC sample pan, 10 mg of T6.18 was heated to 250 °C at 10 
°C/min and held at 250 °C for 2 h under nitrogen.  Upon cooling, a clear yellow solid was 
recovered in essentially quantitative yield.   19F NMR (CDCl3, 283 MHz) δ –89.1 and –
91.0 (AB pattern, J = 200.0 Hz, CHFCF2), −121.6 (s, CF2CF2), –126.2−(−131.3) (m, 
cyclobutyl-F6), –138.7 (d, J = 59.2 Hz, CHFCF2).  DSC analysis of first heating (10 
°C/min) gave ∆H = 51.1 J/g with an onset of polymerization at 213 °C and a maximum 
exotherm at 230 °C.  GPC in CHCl3 and relative to polystyrene gave monomodal 
distribution with Mn = 4,900 (Mw/Mn = 1.8).  DSC analysis of second heating at 10 
°C/min to 250 °C gave Tg = 108 °C. 
 
1,4-Bis(p-hydroxystyryl)-2,5-dihexyloxybenzene (M7.2) 
The title compound was prepared using a modified literature procedure and spectrometry 
data agreed with previously published work.407  Potassium tert-butoxide (180 mg, 1.61 
mmol) in THF (10 mL) was added drop wise to a stirred solution of 1,4-
bis(diethoxyphosphinylmethyl)-2,5-di-n-hexyloxybenzene408 (424 mg, 0.74 mmol) and 4-
(tert-butyldimethylsiloxy)benzaldehyde409 (380 mg, 1.61 mmol) dissolved in THF (50 
mL) at room temperature.  After 12 h, the reaction mixture was poured into an equal 
volume of 10% methanolic HCl.  A 50 mL aliquot of water and 100 mL of Et2O were 
added, then the fluorescent yellow organic layer was collected, washed with water (2 × 
50 mL) and brine (50 mL), and concentrated under vacuum.  The crude product was 
dissolved in THF (10 mL) and deprotected by treatment with TBAF (20 mL, 1 M in 
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THF). After 6 h, 20 mL CH2Cl2 and 20 mL water were added, then the organic layer was 
collected and the aqueous layer was extracted with CH2Cl2 (2 × 50 mL).  Combined 
organic layers were washed with water (2 × 50 mL 50 mL), dried over Na2SO4, filtered, 
and concentrated under vacuum.  Purification of the residue by flash chromatography on 
silica gel 60 with 1:1 (v/v) ethyl acetate/hexanes as eluent afforded the title compound as 
a yellow solid (120 mg, 32%).  1H NMR (CDCl3, 300 MHz) δ 7.44 (d, J = 8.4 Hz, 4H), 
7.32 (d, J = 16.2 Hz, 2H), 7.11 and 7.05 (s, 3.9:1 (Z):(E)-vinyl, 4H), 6.84 (d, J = 8.7 Hz, 
4H), 4.76 (s, 2H), 4.60 (t, J = 6.6 Hz, 4H), 1.89 (pentet, J = 6.6 Hz, 4H), 1.61−1.34 (m, 
12H), 0.94 (t, J = 6.9 Hz, 6H); 13C NMR (CDCl3, 76 MHz) δ 155.1, 151.0, 131.1, 128.1, 
128.0, 126.9, 121.6, 115.7, 110.6, 69.8, 31.7, 29.6, 26.0, 22.8, 14.1 
 
5,5’-Bis(4-hydroxyphenyl)-2,2’-bithiophene (M7.3) 
The title compound was prepared using a modified procedure and spectrometry data 
agreed with previously published work.410  5,5'-Dibromo-2,2'-bithiophene (1.94 g, 6.00 
mmol), 4-hydroxyphenylboronic acid (1.69 mg, 12.24 mmol), Na2CO3 (30 mL, 2 M), and 
DMF (30 mL) were charged in a round bottom flask. The reaction mixture was sparged 
with N2 for 10 min. Pd(PPh3)4 (692 mg, 0.60 mmol) was then added and the reaction 
mixture was placed in a preheated oil bath at 100 °C for 24 h.  The reaction mixture was 
allowed to cool to room temperature and the precipitated solids were collected by 
filtration.  Recrystallization from hot DMSO (ca. 90 °C) afforded the title compound as a 
pale green solid (850 mg, 40%).  1H NMR (DMSO-d6, 300 MHz) δ 9.69 (s, br, 2H), 7.43 
(d, J = 8.5 Hz, 4H), 7.24 and 7.20 (AB pattern, J = 3.78 Hz, 4H), 7.77 (d, J = 5.6 Hz, 
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4H); 13C NMR (DMSO-d6, 76 MHz) δ 157.9, 143.1, 134.7, 127.2, 125.2, 125.0, 123.3, 
116.4. 
 
4,4'-(2,1,3-benzothiadiazole-4,7-diyl)bisphenol (M7.4) 
The title compound was prepared in two steps. First step: bromine (11.3 g, 220 mmol) 
was added drop wise over a 1 h period to a refluxing solution of 1,2,3-benzothiadiazole 
(10 g, 73.4 mmol) in HBr (47 wt%).  The solution was allowed to reflux for an additional 
2 h after bromine addition.  The hot solution was vacuum filtered and the solid was 
washed repeatedly with deionized H2O (5−10 × 200 mL).  The solid was then dissolved 
in CHCl3 with activated carbon (5 g) and heated to reflux.  After 1 h, the solution was 
filtered and concentrated in vacuum.  The solid was recrystallized from 1:4 (v/v) 
CHCl3:hexanes to afford the title compound as silver-grey needles (12.6 g, 58%). 
Second step: 4,7-bibromo-2,1,3-benzothiadiazole (1.0 g, 3.40 mmol), 4-
hydroxyphenylboronic acid (961 mg, 6.97 mmol), Na2CO3 (17 mL, 2 M), and DMF (17 
mL) were charged in a round bottom flask.  The reaction mixture was sparged with N2 for 
10 min. Pd(PPh3)4 (393 mg, 0.34 mmol) was then added and the reaction mixture was 
placed in a preheated oil bath at 100 °C for 24 h. CHCl3 was added after the solution was 
cooled to room temperature.  The organic layer was separated and the aqueous layer was 
extracted with CHCl3 (2 × 20 mL).  Combined organic layers were washed with 
deionized water (4 × 50 mL), dried (MgSO4), filtered, and concentrated under vacuum. 
The solid was recrystallized from 1:5 (v/v) CHCl3:hexanes at 0 °C to afford the title 
compound as a brown solid (580 mg, 54%).  1H NMR (DMSO-d6, 300 MHz) δ 9.69 (s, 
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br, 2H), 7.84−7.76 (s, 6H), 6.90 (d, J = 8.25 Hz, 4H); 13C NMR (DMSO-d6, 76 MHz) δ 
158.3, 154.0, 131.8, 130.8, 128.3, 127.6, 115.9.  
 
Polymer P7.1 
A solution of 4,4'-(9-fluorenylidene)diphenol (441 mg, 1.26 mmol) dissolved in 
anhydrous DMF (2 mL) were added drop wise to a stirred suspension of NaH (2.20 
mmol) in DMF (2 mL) at room temperature for 1 h. 4,4’-Bis(4-
trifluorovinyloxy)biphenyl (436 mg, 1.26 mmol) in DMF (2 ml) was transferred into the 
solution via syringe in a single portion. The solution was then placed in a preheated oil 
bath at 80 °C.  After 3−6 h, the solution contents were then precipitated into H2O, filtered 
under vacuum, and washed sequentially with deionized H2O, MeOH, and hexanes.  The 
solid polymer was dried in a vacuum oven at 60 °C for 24 h.  Additional purification was 
performed by dissolving the dried polymer in a minimal amount of THF and precipitated 
in deionized water, filtered, and washed sequentially with MeOH and hexanes.  The solid 
polymer was then dried in a vacuum oven at 60 °C for an additional 24 h to afford P7.1 
as a white fibrous solid (760 mg, 87%).  1H NMR (CDCl3, 300 MHz) δ 8.80–8.78 (m), 
7.37−6.85 (m), 5.88 (broad dt, J = 59.4 Hz, CHFCF2); 19F NMR (CDCl3, 283 MHz) δ 
−85.5 and −86.0 (AB pattern, J = 146.1 Hz, CHFCF2), −119.3 (dd, J = 17.4, 95.5 Hz, 
residual (cis)-CF=CF2) −121.5 (d, J = 32.9 Hz, (Z)-CF=CF), –122.0 (d, J = 39.4 Hz, (E)-
CF=CF), −126.3 (dd, J = 98.7, 111.8 Hz, residual (trans)-CF=CF2), –127.8 (s, br, (Z)-
CF=CF), −133.7 (dd, J = 55.9, 108.6 Hz, residual CF=CF2), –138.6 (d, J = 59.3 Hz, 
CHFCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal distribution of Mn = 
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17,300 (Mw/Mn = 2.4).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 
150 °C and TGA (10 °C/min) gave Td (onset) = 340 °C in nitrogen and 320 °C in air.  
 
Polymers P7.1’ 
A suspension of 4,4'-(9-fluorenylidene)diphenol (882 mg, 2.51 mmol), 4,4’-bis(4-
trifluorovinyloxy)biphenyl (872 mg, 2.51 mmol), and Cs2CO3 (410 mg, 1.26 mmol) in a 
minimal amount of DMF to initiate stirring were heated to 80 °C for 24 h.  After 3−6 h, 
the solution contents were then precipitated into H2O, filtered under vacuum, and washed 
sequentially with deionized H2O, MeOH, and hexanes.  The solid polymer was dried in a 
vacuum oven at 60 °C for 24 h.  Additional purification was performed by dissolving the 
dried polymer in a minimal amount of THF and precipitated in deionized water, filtered, 
and washed sequentially with MeOH and hexanes.  The solid polymer was then dried in a 
vacuum oven at 60 °C for an additional 24 h to afford P7.1’ as a white fibrous solid (920 
mg, 52%).  19F NMR (CDCl3, 283 MHz) δ −85.4 and −85.9 (AB pattern, J = 148.1 Hz, 
CHFCF2), −121.5 and –122.2 (d, J = 35.8 Hz, residual (Z)-CF=CF), –127.8 (s, residual 
(E)-CF=CF), –138.6 (d, J = 59.2 Hz, CHFCF2).  GPC in CHCl3 relative to polystyrene 
gave a monomodal distribution of Mn = 10,500 (Mw/Mn = 1.8).  DSC analysis of second 
heating at 10 °C/min to 200 °C gave Tg = 155 °C and TGA (10 °C/min) gave Td (onset) = 
357 °C in nitrogen and 355 °C in air.  
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Polymer P7.2  
A solution of 1,4-bis(p-hydroxystyryl)-2,5-dihexyloxybenzene M7.2 (50 mg, 0.23 mmol) 
and 2,2-bis(4-hydroxyphenyl)hexafluoropropane (696 mg, 2.07 mmol) dissolved in 
anhydrous DMF (2 mL) were added drop wise to a stirred suspension of NaH (222 mg, 
9.24 mmol) in DMF (2 mL) at room temperature for 1 h. 4,4’-Bis(4-
trifluorovinyloxy)biphenyl (800 mg, 2.30 mmol) in DMF (2 ml) was transferred into the 
solution via syringe in a single portion.  The solution was then placed in a preheated oil 
bath at 80 °C. After 3−6 h, the solution contents were then precipitated into H2O, filtered 
under vacuum, and washed sequentially with deionized H2O, MeOH, and hexanes. The 
solid polymer was dried in a vacuum oven at 60 °C for 24 h.  Additional purification was 
performed by dissolving the dried polymer in a minimal amount of THF and precipitated 
in deionized water, filtered, and washed sequentially with MeOH and hexanes.  The solid 
polymer was then dried in a vacuum oven at 60 °C for an additional 24 h to afford P7.2 
as a yellow fibrous solid (900 mg, 58%).  1H NMR (DMSO-d6, 300 MHz) δ 7.89–6.90 
(m), 6.91 (broad dt, J = 57.0 Hz, CHFCF2), 4.06−3.99 (m, −OCH2−), 1.89−1.79 (m, 
−CH2−), 1.55−1.22 (m, −CH2−), 0.97−0.81 (m, −CH3); 19F NMR (DMSO-d6, 283 MHz) 
δ –63.4 (s, C(CF3)2), −85.0 and −85.5 (AB pattern, J = 141.7 Hz, CHFCF2), −120.7 and –
122.2 (d, J = 42.7 Hz, (Z)-CF=CF), –126.6 and –128.6 (d, J = 111.8 Hz, (E)-CF=CF), –
138.5 (d, J = 59.2 Hz, CHFCF2).  GPC in THF relative to polystyrene gave a monomodal 
distribution of Mn = 27,700 (Mw/Mn = 1.8).  DSC analysis of second heating at 10 °C/min 
to 200 °C gave Tg = 98 °C and TGA (10 °C/min) gave Td (onset) = 325 °C in nitrogen 
and 318 °C in air.  
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Polymer P7.3   
5,5’-Bis(4-hydroxyphenyl)-2,2’-bithiophene M7.3 (49 mg, 0.14 mmol), 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (437 mg, 1.30 mmol), and 4,4’-bis(4-
trifluorovinyloxy)biphenyl (500 mg, 1.44 mmol) were used following the procedure 
outlined for the preparation of P7.2 except excess NaH (1.72 mg, 7.2 mmol) was used to 
afford P7.3 as a green fibrous solid (585 mg, 60%).  1H NMR (DMSO-d6, 300 MHz) δ 
7.70–7.18 (m), 6.68 (broad dt, J = 57.7 Hz, CHFCF2); 19F NMR (DMSO-d6, 283 MHz) δ 
–63.4 (s, C(CF3)2), −85.0 and −85.4 (AB pattern, J = 141.5 Hz, CHFCF2), −120.7 and –
122.0 (d, J = 39.5 Hz, (Z)-CF=CF), –127.2 and –129.2 (d, J = 108.6 Hz, (E)-CF=CF), –
141.1 (d, J = 55.9 Hz, CHFCF2).  GPC in THF relative to polystyrene gave a monomodal 
distribution of Mn = 12,200 (Mw/Mn = 1.5).  DSC analysis of second heating at 10 °C/min 
to 200 °C gave Tg = 102 °C and TGA (10 °C/min) gave Td (onset) = 352 °C in nitrogen 
and 328 °C in air.  
 
Polymer P7.3’  
5,5’-Bis(4-hydroxyphenyl)-2,2’-bithiophene M7.3 (101 mg, 0.29 mmol), 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (877 mg, 2.61 mmol), and 4,4’-bis(4-
trifluorovinyloxy)biphenyl (1.0 g, 2.90 mmol) were used following the procedure 
outlined for the preparation of P7.2 to afford P7.3 as a pale green fibrous solid (1.20 g, 
61%).  1H NMR (DMSO-d6, 300 MHz) δ 7.70–7.18 (m), 6.68 (broad dt, J = 57.7 Hz, 
CHFCF2); 19F NMR (DMSO-d6, 283 MHz) δ –63.4 (s, C(CF3)2), −85.0 and −85.5 (AB 
pattern, J = 141.5 Hz, CHFCF2), −120.7 and  –122.0 (d, J = 39.5 Hz, (E)-CF=CF), –
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127.2 and –129.2 (d, J = 108.6 Hz, (E)-CF=CF), –141.1 (d, J = 55.9 Hz, CHFCF2).  GPC 
in CHCl3 relative to polystyrene gave a monomodal distribution of Mn = 10,200 (Mw/Mn = 
2.1).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 104 °C and TGA 
(10 °C/min) gave Td (onset) = 341 °C in nitrogen and 395 °C in air.  
 
Polymer P7.3’’ 
5,5’-Bis(4-hydroxyphenyl)2,2’-bithiophene M7.3 (50 mg, 0.14 mmol), 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (437 mg, 1.30 mmol), 4,4’-bis(4-
trifluorovinyloxy)biphenyl (500 mg, 1.44 mmol), and Cs2CO3 (235 mg, 0.50 mmol) in a 
minimal amount of DMF to initiate stirring were heated to 80 °C for 24 h.  After 3−6 h, 
the solution contents were then precipitated into H2O, filtered under vacuum, and washed 
sequentially with deionized H2O, MeOH, and hexanes.  The solid polymer was dried in a 
vacuum oven at 60 °C for 24 h.  Additional purification was performed by dissolving the 
dried polymer in a minimal amount of THF and precipitated in deionized water, filtered, 
and washed sequentially with MeOH and hexanes.  The solid polymer was then dried in a 
vacuum oven at 60 °C for an additional 24 h to afford P7.3’’ as a green fibrous solid (520 
mg, 53%). 1H NMR (CDCl3, 300 MHz) δ 7.75–7.10 (m), 5.94 (broad dt, J = 57.7 Hz, 
CHFCF2); 19F NMR (CDCl3, 283 MHz) δ –63.8 (s, C(CF3)2), −85.5 and −86.0 (AB 
pattern J = 161.2 Hz, CHFCF2), −120.8 and –122.1 (d, J = 42.8 Hz, residual (Z)-CF=CF), 
–126.7 and –128.5 (d, J = 111.7 Hz, residual (E)-CF=CF), –138.5 (d, J = 59.2 Hz, 
CHFCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal distribution of Mn = 
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36,100 (Mw/Mn = 2.6).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 
90 °C and TGA (10 °C/min) gave Td (onset) = 387 °C in nitrogen and 443 °C in air.  
 
Polymer P7.4 
4,4'-(2,1,3-Benzothiadiazole-4,7-diyl)bisphenol M7.4 (45 mg, 0.14 mmol), 2,2-bis(4-
hydroxyphenyl)hexafluoropropane (437 mg, 1.30 mmol), and 4,4’-bis(4-
trifluorovinyloxy)biphenyl (500 mg, 1.44 mmol) were used following the procedure 
outlined for the preparation of P7.2 to afford P7.4 as a green fibrous solid (600 mg, 
61%).  1H NMR (DMSO-d6, 300 MHz) δ 7.80–7.10 (m), 6.68 (broad dt, J = 59.1 Hz, 
CHFCF2); 19F NMR (DMSO-d6, 283 MHz) δ –63.5 (s, C(CF3)2), −89.0 and −89.4 (AB 
pattern, J = 140.0 Hz, CHFCF2), −120.8 and –122.0 (d, J = 42.7 Hz, (Z)-CF=CF), –127.3 
and –129.2 (d, J = 111.8 Hz, (E)-CF=CF), –141.2 (d, J = 55.9 Hz, CHFCF2).  GPC in 
CHCl3 relative to polystyrene gave a monomodal distribution of Mn = 15,200 (Mw/Mn = 
1.8).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 64 °C and TGA 
(10 °C/min) gave Td (onset) = 368 °C in nitrogen and 358 °C in air.  
 
4,4'-([2,2'-Bipyridine]-5,5'-diyldi-2,1-ethenediyl)bisphenol (M7.5) 
Lithium ethoxide (2.42 mL, 2.42 mmol, 1 M in ethanol) was added drop wise to a stirred 
solution of 5,5’-bis(bromotriphenylphosphoniummethyl)-2,2’-bipyridine411 (1.0 g, 1.15 
mmol)  (1.0 g, 1.15 mmol) and 4-(tert-butyldimethylsiloxy)benzaldehyde408 (575 mg, 
2.42 mmol) dissolved in CH2Cl2 (60 mL) at room temperature.  After 4 h, the reaction 
mixture was poured into an equal volume of H2O.  The organic layer was separated and 
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the aqueous layer was extracted with CH2Cl2 (2 × 20 mL). Combined organic layers were 
washed with deionized water (2 × 50 mL), dried (MgSO4), filtered, and concentrated 
under vacuum.  The crude product and p-toluenesulphonic acid (100 mg) was dissolved 
in toluene (50 mL) and the reaction mixture was heated to reflux.  After 24 h, a brick red 
solid precipitated which was collected by vacuum filtration, washed sequentially with 
H2O (2 × 100 mL), MeOH (2 × 100 mL), and hexanes (2 × 100 mL).  The solid was then 
dried under vacuum to afford the title compound as a brick red solid (270 mg, 60%).  
Note: p-toluenesulphonic acid was used to isomerize the crude mixture to the (E)-isomer, 
but also quantitatively deprotected to afford the titled compound.  1H NMR (DMSO-d6, 
300 MHz) δ 8.81 (s, 2H, -OH)), 8.42 (d, J = 7.89 Hz, 2H), 8.27 (d, J = 7.89 Hz, 2H), 
7.46−7.39 (m, 6H), 7.15−7.06 (m, 4H), 6.77 (d, J = 7.89 Hz, 4H); 13C NMR (DMSO-d6, 
76 MHz) δ 158.7, 146.8, 135.3, 132.8, 129.0, 128.6, 128.1, 126.0, 122.0, 121.0, 116.3. 
 
Polymer P7.5 
4,4'-([2,2'-Bipyridine]-5,5'-diyldi-2,1-ethenediyl)bisphenol M7.5 (55 mg, 0.14 mmol) and 
2,2-bis(4-hydroxyphenyl)hexafluoropropane (437 mg, 1.30 mmol) dissolved in 
anhydrous DMF (2 mL) were added drop wise to a stirred suspension of NaH (70 mg, 
2.92 mmol) in DMF (2 mL) at room temperature for 1 h. 4,4’-Bis(4-
trifluorovinyloxy)biphenyl (500 mg, 1.44 mmol) in DMF (2 ml) was transferred into the 
solution via syringe in a single portion.  The solution was then placed in a preheated oil 
bath at 80 °C.  After 4 h, the solution contents were then precipitated into H2O, filtered 
under vacuum, and washed sequentially with deionized H2O, MeOH, and hexanes.  The 
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solid polymer was dried in a vacuum oven at 60 °C for 24 h. Additional purification was 
performed by dissolving the dried polymer in a minimal amount of THF and precipitated 
in deionized water, filtered, and washed sequentially with MeOH and hexanes.  The solid 
polymer was then dried in a vacuum oven at 60 °C for an additional 24 h to afford the 
polymer as a pale-yellow fibrous solid (580 mg, 58%).  1H NMR (DMSO-d6, 300 MHz) δ 
8.40–8.35 (m), 8.20–8.15 (m), 7.80–7.60 (m), 7.50−7.27 (m), 6.84 (broad dt, J = 58.4 Hz, 
CHFCF2); 19F NMR (DMSO-d6, 283 MHz) δ –63.3 (s, C(CF3)2), −85.1 and −85.5 (AB 
pattern, J = 144.8 Hz, CHFCF2), −120.8 and 122.5 (d, J = 39.6 Hz, (Z)-CF=CF), –127.2 
and −129.2 (d, J = 108.6 Hz, (E)-CF=CF), –141.2 (d, J = 59.2 Hz, CHFCF2). GPC in 
CHCl3 relative to polystyrene gave a monomodal distribution of Mn = 22,800 (Mw/Mn = 
2.8).  DSC analysis of second heating at 10 °C/min to 200 °C gave Tg = 92 °C and TGA 
(10 °C/min) gave Td (at 10 wt % loss) = 420 °C in nitrogen and 426 °C in air.  
 
Polymer P8.1  
4,4'-((1,2,3,3,4,4-Hexafluorocyclobutane-1,2-diyl)bis(oxy))bisphenol (bisphenol T) (760 
mg, 2 mmol) dissolved in DMF (1 mL) was added drop wise to a stirred suspension of 
sodium hydride (52.8 mg, 2.20 mmol) dissolved in DMF (3 mL) at room temperature for 
1 h.  4,4'-Bis(4-trifluorovinyloxy)biphenyl (692 mg, 2 mmol) dissolved in DMF (1 mL) 
was then added in a single portion and the solution was placed in a preheated oil bath at 
80°C.  After 3−6 h, the solution was removed from the oil bath and the reaction mixture 
was allowed to gradually cool to room temperature. The solution was precipitated in 
water (250 mL), filtered under vacuum, washed with methanol (2 × 30 mL) and hexanes 
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(2 × 30 mL), and dried in a vacuum oven at 60°C for 24 h to afford polymer P8.1 as a 
granular white solid (1.18 g, 86 %).  1H NMR (DMSO-d6, 300 MHz) δ 7.85–7.70 (m), 
7.42−7.15 (m), 5.88 (broad dt, J = 59.4 Hz, residual CHFCF2); 19F NMR (282 MHz, 
CDCl3) δ −85.9 (s, CHFCF2),  −121.5 (d, J = 42.3 Hz, (Z)-CF=CF),  −122.0 (d, J = 42.3 
Hz, (Z)-CF=CF), −127.6−(−131.1) (m, overlap of (E)-CF=CF and cyclobutyl–F6), −138.5 
(d, J = 55.9, CHFCF2).  GPC in CHCl3 relative to polystyrene gave a monomodal 
distribution of Mn = 13,200 (Mw/Mn = 2.9).  DSC analysis of second heating at 10 °C/min 
to 200 °C gave Tg = 64 °C and TGA (10 °C/min) gave an onset Td = 312 and 406 °C in 
nitrogen and 313°C and 440°C in air.  Crosslinking of P8.1 was achieved using DSC 
analysis by heating the sample initially at 10 °C/min to 350 °C in nitrogen.  Upon 
reheating at 10 °C/min to 200 °C, crosslinked polymer gave Tg = 83 °C, producing a dark 
orange, insoluble material.   
 
Sulfonation of Polymer P8.1 (SP8.1) 
Polymer P8.1 (1.0 g, Mn = 13,200, PDI = 2.9) was dissolved in DCM and mechanically 
stirred at room temperature for 30 min. After the polymer was dissolved, fuming sulfuric 
acid was added portion wise to the solution and stirred for an additional 2 h.  The DCM 
was removed under vacuum and the sulfonated polymer was added into as aqueous 
solution of saturated NaCl (100 mL) and mechanically blended for 15 min.  The slurry 
was then filtered, washed with water (2 × 20 mL), and dried in a vacuum oven at 60°C 
for 24 h.  The sodium salt of polymer SP8.1 was added to a 1 M solution of sulphuric 
acid, filtered, washed with deionized water (500 mL), dried for 24 h at 60°C under 
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vacuum to afford sulfonated polymer SP8.1 as a pale brown solid.  1H NMR (DMSO-d6, 
300 MHz) δ 8.02 (s, br), 7.80–7.41 (m), 7.42−7.15 (m), 5.78 (broad dt, J = 59.2 Hz, 
residual CHFCF2); 19F NMR (282 MHz, DMSO−d6) δ −85.9 (s, CHFCF2),  −121.5 (d, J 
= 42.3 Hz, (Z)-CF=CF),  −122.0 (d, J = 42.3 Hz, (Z)-CF=CF), −127.6−(−131.1) (m, 
overlap of (E)-CF=CF and cyclobutyl–F6), −138.5 (d, J = 55.9, CHFCF2).   
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APPENDIX A 
 
SELECTED NMR SPECTRA 
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APPENDIX B 
 
SELECTED CRYSTAL DATA 
 
 
Table B.1.  Selected crystal data. 
compound molecular 
formula 
a (Å) [α(°)] b (Å) [β(°)] c (Å) [γ(°)] space 
group 
  Z CCDC 
#c
FP (3.2)a C24H32F24O12Si8 21.1129(7) 
[90] 
21.1129(7) 
[90] 
11.1505(7) 
[90] 
I41/a   4 629369
FHa C48H32F72O12Si8 11.806(5)    
[75.073(6)] 
12.393(5)   
[76.024(6)] 
15.729(6)  
[66.151(5)] 
P1   1 608207
FDa C80H32F136O12Si8 10.352(1)      
[102.082(1)]
21.984(2)     
[95.702(1)] 
28.653(3)   
[90.907(1)] 
P1   2 608209
3.8a C12H31F21O12Si8 13.3164(16)  
[90] 
 17.129(2)     
[105.007(2)]
20.726(3)     
[90] 
 Cc   4 624077
(E)-5.3b C14H8F2O2Br2 4.0930(8)  
[90] 
5.6694(11) 
[91.42(3)] 
28.901(6)   
[90] 
P21/c   2 656776
(E)-5.5b C16H14F2O4 10.434(2) 
[90] 
7.7903(16) 
[90] 
17.852(4)   
[90] 
Pbca   4 656778
5.10b C14H9F3O2Br2 12.711(3) 
[90] 
4.8861(10) 
[96.33(3)] 
11.507(2)  
[90] 
P21/c   2 656777
a Data obtained from the Air Force Research Laboratory, Edwards AFB, CA.  b Data 
obtained from the Molecular Structure Center, Clemson University, Clemson, SC.            
c Submitted to the Cambridge Crystallographic Data Center (CCDC) with corresponding 
publication number.  Copies can be obtained free of charge from CCDC, 12 Union Road, 
Cambridge, CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk). 
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